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Foreword
HE tremendous research and development effort that went into the
development of radar and related techniques during World War H
resulted not only in hundreds of radar sets for military (and some for
possible peacetime) use but also in a great body of information and new
techniques in the electronics and high-frequency fields. Because this
basic material may be of great value to science and engineering, it seemed
most important to publish it as soon as security permitted.
The Radiation Laboratory of MIT, whkh operated under the supervision of the National Defense Research Committee, undertook the great
The work described herein, however, is
task of preparing these volumes.
the collective result of work done at many laboratories, Army, Navy,
university, and industrial, both in thk 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 laboratories that it is impossible to name or even to know those who contributed
Only certain ones who wrote reports
to a particular idea or development.
But to all those who contributed
or articles have even been mentioned.
in any way to this great cooperative development enterprise, both in this
country and in England, these volumes are dedicated.

T

L. A. DUBRIDQE.
vii
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Preface
HE receivers and circuits treated in this volume have sprung almost
It is felt, however, that many of the
entirely from radar techniques.
features are applicable in other services where Klgh sensitivity and excelAn attempt has been made to reach
lent transient behavior are required.
a sufficiently fundamental standpoint in the presentation to permit such
use in allied fields.
The long and uninterrupted record of unstinting cooperation on the
part of other laboratories and organizations, both industrial and government, has continued throughout the preparation of this book.
Particular thanks are due to the Raytheon Manufacturing Company for the use
of illustrative material for Chap. 13 and to the Hazeltine Corporation
for the use of reports on which some of the discussion of Chap. 20 is based.
Entire credit for whatever coherence exists between this book and the
others of the series as well as much of the credit for any internal coherence
must go to the Technical Coordination Group.

T

S. N. VC-FUDGE,
July,

MASS.,

1946.
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INTRODUCTION
BY S. N. VAN VOORHIS
The receivers used with radar systems, particularly those operating
in the microwave region, are usually characterized by two special properties. In the first place it is important to be able to deal with the weakest
possible signal, which may be comparable to or even weaker than the
noise in the system.
The level of atmospheric noise at these frequencies
is very low, so that it becomes necessary to do everything possible to
reduce the internal noise in the receiver and to minimize losses in the
input circuits.
Considerable gain is then required to bring this noise
level and signals that are comparable to it up to a usable level.
In the
second place the signals with which the receiver must deal are pulses
covering an extremely wide dynamic range. Accordingly, wide-band
circuits are required, and extraordinarily severe requirements are placed
on the transient behavior of the whole receiving system.
Almost every common type of receiver has found application at some
point. These include
1.
2.
3.
4.

The
The
The
The

superheterodyne.
superregenerative.
tuned radio frequency (trf).
crystal video.

In many cases the choice among types depends on the relative performance in picking up a signal that is comparable in level to noise. It is well,
therefore, to begin with a brief review of the ultimate limitations on
receivers imposed by fluctuation noise and of the methods of measuring
the performance of actual receivers in terms of such ultimate limits.
1.1. Noise Figure.—To be useful, any receiver must be connected to
If this antenna could be placed
a source of signals such as an antenna.
inside a large absorptive enclosure or black body at a uniform temperature
2’, it would be in equilibrium with the thermal or black-body radiation at
this temperature.
At the terminals of the antenna there would appear a
voltage equivalent to the Johnson noise generated in a resistance equal
to the radiation resistance of the antenna at a temperature T. Therefore, even if a receiver could be produced that had no internal sources of
noise whatever, noise would still be introduced into the system from the
1

2
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antenna, and weak signals would have to compete with this noise. If
the receiver does introduce additional noise, the signal must be correspondingly stronger. These concepts may be made quantitative by
the use of noise jigure or noise factor. 1 This may be defined with the aid
of Fig. la as follows:

s
~ = lcTB
5’” ‘

(1)

where F = noise figure of network,
S = available signal power from signal source,
S, = available signal power from network,
NO = available noise power from network,
k = Boltzmann’s constant,
T = absolute temperature of signal source,
B = noise bandwidth of network.
The available power represents the maximum power that may be drawn
from a network with a properly chosen load impedance.
It is obtained
when the load impedance is the complex conjugate of the internal impedIt will receive a more detailed treatment in Chap.
ance of the network.
4. It will also be shown there that the quantity k TB represents the
available noise power from a resistor of arbitrary value at a temperature
T and that this is merely a restatement of the usual expression for Johnson noise.
The qualitative meaning of Eq. (1) is now clear. A signal, no matter
how it arises, has associated with it at least a minimum amount of noise,
k TB. If it passes through a network that either amplifies or attenuates
both noise and signal without adding additional noise, the ratio of signal
power to noise power at the output will be the same as at the input and
If, however, the network adds additional
the noise figure F will be unity.
Equation (1) may be rewritten as
noise, F will be greater than unity.
(2)
where W = available power gain of network.
A situation that occurs sufficiently often to merit explicit treatment
is the case of two networks in cascade shown in Fig. 1.lb. The noise
figure of the combination F,z may be shown to be
(3)
1l). O. North, RCA Rev., 6, 332, January 1942; H. ‘~. Friis, Proc. IRE, 32, 419,
July 1944.
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where F1 = noise figure of Network 1,
Fz = noise figure of Network 2, under the condition that it is fed
from a source whose impedance is equal to the output impedance of Network 1,
w 1 = available power gain of Network 1.
Note the dependence, which is implicitly admitted here, of the noise
figure on the internal impedance of the source. It is also assumed that
the bandwidth of Network 2 is less than that of Network 1.

,
Signal

output

Network

generator

(a)

.
Signal
generator

—

Network
#~

—

Network
*2

output

(b)
FIG.1.1.—(a) Setupfor definitionof noisefigure;(b) noisefigureof networksin cawude.
By defining a new quantity

T, from the relation
No

=

IcT,B,

(4)

Eq. (2) may be rewritten as
(5)
where
t~ = ;.
T, may be called the ‘‘ equivalent noise temperature” of the network in
the sense that the available noise power from the network is equal to
the available noise power from a resistor at a temperature T1. With
this change Eq. (3) may be written as
((3)
where t~now refers to Network 1. This is the form generally used in the
discussion of crystal units for mixers (see Chap. 2).
Another situation of practical interest may be studied in terms of
Iihg. l.lb as follows.
Suppose that Network 1 consists of an amplifier of
an arbitrary number of stages and relatively good noise figure while
Network 2 represents some unit of much poorer noise figure. It is desired
to know how much gain must be provided in the amplifier, Network 1,
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in order that the over-all noise figure be within some specified multiple
of F’l. Since noise figures are power ratios, they are often expressed in
decibels by the ordinary rules. The preceding requirement might then
be stated that F,, be not more than zdbabove
F1. Equation (3) may
be solved for the gain under this condition as f ollows:
wlz~

Fz–l

1
10’/10 – 1“

(7)

To illustrate the use of this relation, suppose that a superheterodyne
receiver is to be designed at a frequency such as 200 Me/see where r-f
amplification is feasible.
Suppose that the noise figure of a practical r-f
amplifier is 7 db and of the mixer is 15 db and that it is desired to have the
over-all noise figure not more than + db worse than that of the r-f amplifier. The gain required is
WI>31.6–1
1
—
5.01
IoJf” – 1

From this the number of stages required can be immediately determined.
The noise figure of a receiver may be related to other methods of
specifying sensitivity by noting that for room temperature (1’ = 300”K)
and a bandwidth of 2.5 Me/see, k TB has a value of 10–14watt. Suppose
that a receiver of this bandwidth has a noise figure of 10 db and an input
impedance of 50 ohms. Then a signal voltage of 2.23 pv developed across
the input will produce an output power just equal to the noise power at
the output.
Strictly speaking, this calculation is not quite correct, since it assumes
that the receiver is matched to the signal source. It will be shown later
in Chap. 4 that the best noise figure is usually obtained with some degree
The full expression is
of mismatch between the receiver and antenna.

where VR = signal voltage developed across input to produce power output equal to noise power output,
R. = input impedance of receiver,
Rs = internal impedance of source,
F, = noise figure of receiver with source of internal impedance R,.
1.2. Noise Figure as a Function of Receiver Type and Operating
Frequency.—A procedure has been indicated in the preceding section for
making the noise figure of a superheterodyne receiver come within some
specified increment of the noise figure of the r-f amplifier alone. For
the bandwidths of interest here, of the order of some megacycles per
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second, it is profitable from the point of view of noise figure to use r-f
amplifiers in this way up to about 1000 Me/see.
Above this point the
noise figure of the amplifier is no longer better than that of the mixer.
The range of frequency from about 150 to 1000 Me/see may be taken to
represent the region in which vacuum-tube amplifiers, while still useful,
present special problems differing from those met at low frequencies.
It also covers the transition from lumped to distributed circuit parameters, Some of the special problems met in constructing the highfrequency portions of such receivers will be discussed in Chap. 5.
Instead of the mixer and i-f amplifier of a superheterodyne circuit, a
detector and video amplifier might follow the r-f amplifier, making a
trf receiver.
Somewhat similar arguments ma-y be used here to determine the amount of r-f gain required to make the noise figure approach
that of the r-f amplifier alone. It must be noted, however, that a noise
figure cannot be defined as before for a nonlinear device such as the
detector. Instead, a signal level S1 is found such that the output signal
power is just equal to the output noise power. The quantity SJk TB
may then be used instead of the noise figure in the calculation of necessary r-f gain. It is found that SI lies in the neighborhood of 10–8 watt
or higher for any of the useful detectors, and therefore considerably
For the range 150 to 1000
more r-f gain is needed in a trf receiver.
Me/see, the same r-f amplifiers discussed in Chap 5 may be used ahead
of a detector.
At frequencies higher than this the complexity and
poor performance of r-f amplifiers make trf receiver design in general
impractical.
There are cases in which the relatively low sensitivity of the detectorvideo-amplifier combination is acceptable.
In such cases the detector
used is almost always a silicon crystal.
This has caused this type of
receiver to be named “ crystal video” which is the term by which it will
be referred to in this book.
These receivers have been used up to frequencies as high as 10,000 LIc/sec and may find some applications at
still higher frequencies.
Some of their features are covered in Chap. 19.
The superrcgenerative receiver occupies a place midway between the
crystal video and the superheterodyne as far as sensitivityy is concerned.
By the use of velocity-modulation
tubes, superregenerative receivers
have been built for frequencies as high as 10,000 Me/see.
Such receivers
can be made to be small and to have low power drain, but they are limited
in the fidelity of reproduction that they can give. Chapter 20 contains
a discussion of superregenerative receivers f or this frequency range.
1.3. Bandwidth Requirements.—The
fact that the signals with which
radar receivers must deal are pulses that must be reproduced reasonably
well sets a 1o~~erlimit to the bandwidth of the circuits—r-f, i-f, and video.
For pulse lengths of 1 ~sec or less, the i-f bandwidth required is usually

6
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at
least 1 Me/see.
Amplifiers with bandwidths of this magnitude
usually employ high-transconductance
pentodes such as the 6AC7.
The coupling-circuit impedance is low compared with the internal impedance of the tube, and the ultimate limit on the product of gain and bandwidth set by the quotient of transconductance and shunt capacitance is
The problems in the
a serious restriction requiring constant attention.
design of i-f amplifiers are discussed more fully in Chap. 6, and those
peculiar to radar video amplifiers are treated in Chap. S. Chapter 18
contains a treatment of some of the methods for obtaining unusually wide
i-f amplifiers to give coverage of r-f bands as great as 100 Me/see.

CHAPTER
DUPLEXERS,

MICROWAVE

MIXERS,

2
AND LOCAL OSCILLATORS

BY M. C. WALTZ
The microwave superheterodyne receivers under consideration here
differ from those used in lower-frequency applications in two respects:
(1) the mixer is almost invariably a crystal instead of a vacuum tube,
and (2) no r-f amplification is used ahead of the mixer. In radar receivers
an additional factor enters because of the necessity for protecting the
The portion of the radar
receiver from the high-power transmitter.
system that connects transmitter and receiver to a common antenna and
directs both transmitted and received power to the proper destination is
In many cases much of the r-f circuit of the
known as the duplexer.
mixer is inextricably mingled with
-+
the duplexer so that some discus/
aion of the latter is necessary here. 1 %
2.1. Microwave Duplexers.—
Trab
The switching
operation from
/
mitter
transmission to reception must be
completed in a matter of microseconds at most.
This requirement suggests the use of some
form of gaseous-discharge device.
Figure 2.1 illustrates the principle
FIG. 2.1.—Duplexing system—two-wire
of operation of most of the systems
transmissionline.
in common use. It uses two spark
(TR) tube or switch
gaps or switches, one known as the transmit-receive
which effectively disconnects the receiver during transmission, and the
(ATR) tube or switch which disconother known as the antitransmit-receive
The high-power pulse from the
nects the transmitter during reception.
transmitter breaks down the ATR gap, and the power flows out toward the
The TR gap in the receiving branch likewise breaks down and
antenna.
(if it is designed so that negligible power is required to maintain the discharge) puts a short circuit across the line to the receiver, thereby protectSince the short circuit is a
ing the delicate input circuits of the receiver.
quarter wavelength from the T-junction, the impedance in parallel with the
1An extensivetreatment of duplexersis given in Vol. 14, Radiation Laboratory
Scrie8.
7
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antenna line at the junction is very high and does not affect the power
At the end of the transmitted pulse the
traveling toward the antenna.
discharge across the gaps goes out and the system is ready to receive echo
signals. The impedance at the T-junction looking toward the transmitter
is infinite because there is an open circuit half a wavelength away.
Looking toward the receiver there is a matched line, so all the power goes into
the receiver.
The requirements for satisfactory transmission of the outgoing pulse
are rather easily met, but the requirements for reception are much more
stringent.
1. During the transmitted pulse, the power getting past the TR tube
into the receiver must be less than 0.1 watt to avoid damage or
burnout of the crystal.
2. The TR tube must fire in less than 0.01 psec, or a preignition
“spike” (see Sec. 3.7) of transmitter power will be let through and
may burn out the crystal.
3. The gap must deionize in a few microseconds after the end of the
transmitted pulse so that echoes from near-by objects will not be
unduly attenuated.
A typical specification might call for an
attenuation of less than 3 db by a time 6 psec after the end of the
transmitted pulse.
4. The received signal must see a reasonably good match into the
receiver, and the losses must be kept to a minimum.
Some refinements in the rudimentary system of Fig. 2.1 are necessary
to meet the above requirements.
Since the fired TR-tube gap is not a
perfect short circuit, there will be some voltage V developed across it.
If Z is the impedance looking toward the receiver measured at the gap
terminals, the leakage power going to the receiver will be V’/Z.
The
voltage may be reduced by having the discharge take place in a gas at a
low pressure (of the order of a few millimeters Hg), but a still greater
This reduction may be accomreduction of leakage power is necessary.
plished by a stepup transformer to the gap and an identical stepdown
transformer to the receiver line. In the unfired condition the standard
line impedance is maintained on either side of the TR tube, but in the
fired condition the line impedance Z seen at the gap is much higher and
less power goes to the receiver.
The practical method of accomplishing this is by a resonant cavity.
Figure 2.2 shows a section through a 1B27 TR tube and associated cavity,
with input and output couplings.
This assembly is designed for operation near 3000 Me/see.
The gap across which the discharge takes place
is formed by two reentrant cones on the axis of symmetry of the approximately cylindrical cavity.
Tuning is accomplished by pushing one cone
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The unloaded Q of the cavityl is
in and out on a flexible diaphragm.
about 2000, and with normal input and output loading the loaded Q is
about 350. The ratio of power lost in the cavity to input power is nearly
equal to the ratio of loaded Q to unloaded Q. Thus in the present case
17.5 per cent of the input power is lost; the TR tube may be said to have
a gain of –0.85 db.
Both input and output coaxial lines end in coupling loops, which play
the role of the stepup and stepdown transformers.
They may be thought
FromT.junctmn

\n
~

Flexible
d!aphragm
\ Retaining
ringI

1“diark,
flange
FIG.2.2.—1B27 TR tube andcavity assembly,loop coupling.
of as single-turn windings which, in proportion to their area, loop more or
less of the magnetic field in the cavity.
The smaller the loop the higher
the stepup ratio and the higher the loaded Q. In a great many cases
the output loop is a part of the mixer assembly.
Figure 25Z) shows such
an assembly complete with coupling loop.
It will be noted that the leakage power through the TR tube is more or
less inversely proportional to the square of the loaded Q and the loss during reception is directly proportional to the loaded Q. Therefore a compromise value must be reached, such as the value 350 mentioned above.
This value corresponds to a bandwidth between 3-db points of about
10 Me/see.
Accordingly, it will be necessary to provide a tuning adjustment for the cavity.
By proper design, this same tuning adjustment
1See Vol, 11, Chap. 5, Radiation Laboratory Ssries,for a discussionof the (J of
cavity resonators.
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may be made to take care of variation in mixer impedance resulting from
change of crystals.
If the r-f impedance of the mixer is measured at the
crvstal.
it will be found that there is more of a spread in the resistive
.,
component than in the reactive one. If uncorrec~ed, this would result
in a change in the impedance presented at the TR cavity that would
change the loaded Q as well as
introduce undesired reflections and
power loss. By placing the crystal
an odd number of eighth wavelengths from the cavity, these
resistance variations may be made
to appear as reactance variations
at the cavity and may be tuned
out in the adjustment of the cavity.
To ensure rapid breakdown of
the TR tube at the beginning of
each transmitted pulse, a supply
of ions is maintained in the gap by
a continuous auxiliary discharge
inside one of the cones. This discharge requires an extra electrode,
known as the keep-alive electrode,
which draws about 150 pa from an
800-volt supply.
A ballast resistor drops the voltage to about 400
volts at the tube itself. Even with
thk+ arrangement there is a considerable spike on the signal t ransmitted by the TR tube, and this
spike plays an important role in
the action of AFC systems (see
Sec. 37.)
The keep-alive current
must be maintained within the
u
range of about 100 to 200ga.
Too
FIG.2.3.—Cutawayview of 1B24 TR tube.
high a current will introduce excessive loss during reception and will cause cleanup of the gas in the tube
as well.
Too low a value of current will cause failure to protect the crystal.
Figure 2.3 shows a cutaway view of another type of TR tube, the
IB24, which is designed for frequencies in the region of 10,000 Me/see.
In it the whole cavity is a region of reduced pressure, with a gas reservoir
on one side to increase the total volume of gas and so prevent too rapid
cleanup.
Input and output coupling is done by round windows or iriseu
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that are closed by glass seals. The loaded and unloaded Q and the transmission loss are much the same for the 1B24 as for the 1B27. The bandwidth is somewhat greater, since the operating frequent y is higher, but
a tuning adjustment for the cavity on the 1B24 must still be regarded as
an operating control.
As before, the TR tuning may be used to compensate for variation in mixer impedance.
2,2. Noise Considerations. —For consideration of the influence of
mixer and duplexer performance on the over-all noise figure of the
receiver F, the most suitable expression is the following: 1
~=(L+&O+F’2–1)
W.wd

‘

(1)

where t.= ratio of effective poise temperature of crystal, when supplied
with noiseless LO power, to room temperature,
tLO= ratio of increase of effective temperature of crystal, when
supplied with actual LO power, to room temperature,
Ft = noise figure of i-f amplifier,
W. = conversion gain of mixer (usually less than unity),
W ~ = gain of duplexer assembly (also less than unity).
Both F’s and W‘s are expressed as numbers, not in decibels.
This
expression assumes that the bandwidth of the i-f amplifier is less than
that of the r-f circuits and of the circuit coupling the mixer to the i-f
amplifier.
Of these quantities, t, and W, are determined largely by the
crystal.
Ordinarily, each type of crystal has minimum values specified
for these parameters.
2.3. Crystals.-The
most sensitive mixer for microwaves is the crystal
type in which a contact on a semiconductor results in rectification of
radio frequency.
The semiconductor may be one of many different
materials such as silicon or germanium, with very small quantities of
added impurities.
The most common material is silicon.
For mechanical protection the semiconductor and met allic ‘‘ catwhisker” are mounted
in a cartridge unit, which is almost alw:ays made nonadjustable.
A cross section of a cartridge is shown in Fig. 2.4a. The silicon A
is soldered to the screw D. A tungsten whisker shown at B is pointed
and embedded in the metal at C. The whole assembly is held together
by the brass endpieces E and F and the ceramic shell G. The pressure on
the contact is maintained by the springlike bend in the whisker and is
adjusted in manufacture by the adjusting screw D. The space H is
filled with a powder or wax to hold the pieces in place.
Another type of cartridge developed more recently is shown in Fig.
2.4b. In this cartridge the silicon C is soldered to the plate A, which is a
1This will be recognized as a restatementof Eq. (1.3) with minor changes in
notation.
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force fit in the tube B. The whisker D is welded to the conductor E,
which in turn is held in place by the ceramic washer F. The enlarged
section G on the conductor is an r-f transformer for matching purposes.
This unit is adjusted during manufacture by carefully forcing in plate A
until the cartridge has the correct characteristics.

(a)

(b)
FIG.24.-Crosssection of (a) crystalcartridgeand (b) coaxialcrystalcartridge.
2.4. Microwave Crystal Mixers.—To
make up a complete mixer, a
mechanical arrangement is required that will provide r-f circuits, i-f
terminals, andsuitable means forplugging inthe crystal cartridge.
Two
such mixers for use at 2500 to 3500 Me/see are shown in Fig. 25a and
b. The one shown in Fig. 2.5a is a broad-band mixer with no tuning
and is meant to be used without a duplexer.
The mixer crystal is shown
at B. It is inserted by breaking the transmission line at F. The signal
input is at A, thence through the broad-band stub supportl C to the
crystal.
The LO power is introduced at H with a termination consisting
of a resistor disk indicated at J to the probe L. The coupling of the local
oscillator may be varied by the knob K, which varies the depth of penetration of the probe into the main coaxial line. The distance from the
sleeve M to the knob K should be about one quarter wavelength.
The
i-f signal appears at the fitting G. The quarter-wave cup or choke D
1See Vol. 9, Chap. 4, Radiation Laboratory Series for additional material on
broad-band stubs.
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effectively prevents the signal and LO power from getting into the i-f
amplifier.
The stub C is needed in the mixer to furnish a return to ground for the
i-f and the d-c components developed by the crystal.
In order to make

@

(

(a)

)

VWza
(b)
(c)
RG. 2.5.—(Q)Cross section of broad-band3000-Mc/sec mixer; (b) cross section of
3000-Mc/sec crystalmixer;(c) photographof 3000-Mc/see crystalmixer.

the termination in the LO line effective, the electrical distance from the
end of the probe to the terminating resistor should be some multiple of a
half wavelength.
In Fig. 2.5b and c is another form of mixer for the same frequency
as Fig. 2.5a but designed to work out of a tuned cavity.
In this case the
signal is fed through the tuned cavity, is picked up by the coupling loop
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The loop also furnishes the return
E, and thence is applied to the crystal.
path for intermediate frequency and direct current.
The LO injection is
the same as above.
The r-f impedance of a 1N21 crystal is such that it is a match for the
signal if the input line has an impedance of about 50 ohms and if the
d-c crystal current due to local oscillator is about 0.5 ma. The i-f impedance seen on looking in at G will be about 300 ohms but will vary with the

(b)

FIG.2.6.—(a) Cross sectionof typical 10,000Mc/see mixer; (b) photographof typical
10,000Me/see mixer.
impedance that the crystal sees on looking out into the r-f line. This
result is to be expected if the mixer is thought of as a lossy transformer,
At higher frequencies it becomes more convenient to use waveguide
instead of coaxial transmission lines, and as a consequence the mixer
changes its form.
A cross-sectional view of a typical mixer for use in the vicinity of
10,000 Me/see is shown in Fig. 2.6a. A photograph of a similar mixer is
shown in Fig. 2.6b. In it the local oscillator is behind the crystal instead
of in front.
This is a section of waveguide with the mixer crystal C
placed across the guide. The axis of the crystal is parallel to the electric

SEC.2.4]

MICROWAVE

CRYSTAL

MIXERS

15

field. The signal comes in through the waveguide, and the LO power is
injected in the side of the guide with a probe A, the probe in this case being
The amount of LO power injected is
the output probe of the LO tube.
varied by changing the depth of penetration of the probe.
The signal is
prevented, by the chokes B and E, from going out the LO line and the
i-f line respectively.
The i-f signal appears at G. The position of the end
plunger H is chosen to make the crystal look like a match for the signal. 1
Another type of mixer using the coaxial crystal cartridge is shown in
Fig. 2.7. The direction of travel of the signal in the waveguide D is
perpendicular to the page. The signal is picked up on the crossbar C
and fed to the crystal shown at .4. No r-f signal appears at the ends of
the crossbar so that no chokes are necessary in the i-f line B. A mixer

FIG.2.7.—Crosssectionof mixerusingcoaxialcrystalcartridge.
of this type can be designed to operate at all frequencies at which waveguides are used. As in the mixer shown in Fig. 2.6, the local oscillator is
injected into the wave guide along with the signal by either a probe or
window coupling.
In all the above mixers any modulation sidebands of the local oscillator that are spaced away from the LO frequency by an amount equal to
the intermediate frequency will be detected by the mixer as signals and
will come through the receiver as such. One of these types of modulation
of the local oscillator is noise coming from shot effect and similar phenomena in the oscillator tube.
This modulation is equivalent to amplitude modulation of the local oscillator.
The noise sidebands so produced
fall off in intensity as the frequency departs from the proper LO output
frequency, at a rate that is determined by the Q of the oscillator circuits.
Therefore, contributions from this source of noise will be less for a rela.
tively high-Q oscillator, such as the type 417, and will also be less for a
higher intermediate frequency.
This is the origin of the term ~LOin Eq.
1Thereis an extensivediscussionof the designof such mixersin Vol. 16, Radiation
LaboratorySeries. Somewhat’morecomplicated designsare shown therewhich give
moreuniform and reliableperformance.
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(1). Also if the local oscillator is not well enough shielded, it is possible
that it may be modulated by i-f signals leaking out of the i-f amplifier
and may thus cause instability in the receiver or even over-all oscillation
of the receiver in some cases.
One method of preventing modulation of the local oscillator from
disturbing the receiver is to use a balanced mixer. A form of balanced
mixer using a magic T is shown schematically in Fig. 2.8. The magic T
It will suffice to say
is described elsewhere, I and its operation explained.
that r-f power fed in Branch 1 (Fig. 2.8a) will go into Branches 3 and 4,

Signal m

l-f

(a)
(b)
FIG.2.8.—(cz)Schematicdiagramof a balancedmixerusinga magicT; (b) photographof a
balancedmixerusinga magicT.
and will arrive at the mixer crystals A.4, which are spaced equidistant
from the junction, with 180° phase difference.
Also, r-f power fed in
Branch 2 will go into Branches 3 and 4 and will arrive at the crystals with
no phase difference.
Thus in the two crystals the LO power with its
sidebands is applied with the same phase, and the signal is applied
out of phase. The i-f signals will thus appear out of phase in the two
crystals.
If the two i-f output terminals of the mixer go to a push-pull
input circuit in the i-f amplifier, the modulation of the local oscillator will
be canceled and the true signals will be retained.
The use of a balanced
mixer, by largely eliminating the LO noise, will improve the over-all
sensitivity of a typical receiverz by about 2 db at 10,000 Me/see or about
5 db at 25,000 Me/see.
1See Vol. 9, Radiation Laboratory Series,
2The receiveris assumedto have an intermediatefrequency of 30 or 60 Me/see,
and a bandwidth of 2 ta 8 Me/see and to use a local oscillatorsuch w the 723A/B Or
2K25 for 10,000 Me/see or tbe 2K33 or 2K50 for 25,000 Me/see.
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In the receiver that employs double-mixer AFC (see Sec. 3.8) the
mixer takes still another form.
Inthis case it isnecessary to have two
mixers, one for the regular channel with signal input through the duplexer
and another with signal input through an attenuator for the AFC channel.
Both of these mixers must get their LO power from the same source.
The top schematic view of such a double mixer is shown in Fig. 2.9. It
is composed of three sections of waveguide fastened together along their
narrow sides. The LO probe projects into the waveguide at E. This
section of guide is terminated in one direction by the resistive material
F placed a quarter wavelength from the end of the guide. In the other
direction this section of guide feeds two
Signal in
AFC Signal In
resonant windows C and D, which are
independently. adjustable to vary the LO
1
I
power to the two mixers. The regular
G
mixer shown at A is the same as that of
Fig. 26. The AFC mixer at B is modified
by having a cutoff waveguide attenuator
H“‘@Q
:
G connecting it to its source of signals. _@
The amount of attenuation required here
@
is discussed in Chap. 3.
E
In use, the two resonant windows are
..—8H
—-- -o F
--—---detuned to opposite sides of the LO frequency to increase the cross-attenuation
FIG. 29.-Schematic diagram
and therefore the isolation between the
OrtOPtd doublemixerfor receivers
havingAFC.
two mixers.
Another way of applying LO power to the two mixers and still getting
isolation between the two mixers is to use a magic T. This method is
used when both the regular and AFC mixers are of the balanced type,
as is the case in Fig. 2.8b.
The sensitivity of a crystal mixer is dependent upon several factors.
(1) It should absorb all the signal power incident upon it, because any
power reflected is lost.
(2) The impedance for the image frequency is
“influential in affecting the gain of the crystal for the following reason.
When the signal and LO frequencies are applied to the crystal, the sum
and difference frequencies appear in the mixing.
Further mixing of the
i-f and LO signals will give rise to a voltage at the image frequency.
If this image frequency is returned to the mixer in the correct phase, it
will, upon conversion, add to the i-f output.
The phase at which it
returns depends on the distance between crystal and TR tube and on the
impedance of the TR tube at image frequency.
If the phase is incorrect
when it is reflected to the crystal, it will subtract from the i-f output.
The i-f impedance of the crystal is also dependent upon the impedance
seen by the image frequency.
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In order that the mixer may work properly, it is necessary that it have
ample available LO power. This does not mean, however, that the more
LO power applied to the crystal the
better.
Figure 2.10 shows the variation of crystal temperature ratio t,
and crystal conversion loss s (the
reciprocal of WC) as a function of
the crystal current.
Also shown is
the over-all noise figure F calculated
on the assumption that the i-f amplifier has a noise figure of 3.0 db. As
can be seen, the best noise figure is
obtained with this particular crystal
at a crystal current of approximately
0,4 ma. This is a representative
case. If the crystal current is a little
higher than this value, not much
o~
o 0.2 0.4 0,6 0.8 1.0 1.2 sensitivityy is lost; but if the crystal
Crystalcurrent in milliampaes
current is lower, there is a loss in
FIG. Z.IO.—Curves showing crystal
It is standard practice
temperatureratio, conversionloss, and sensitivity.
over-allnoisefigureof receiverasfunction to run the crystal current at about
of crystalcurrent.
0.5 ma. About 0.5 mw of LO power
is required to give a crystal current of 0,5 ma.
The available power from the local oscillator should be much larger
than the above amount.
The
more power the local oscillator is
capable of giving the more decoupling can be used between the mixer
This
and the local oscillator.
decoupling allows adjusting the
load seen by the local oscillator so
that the local oscillator is stable.
It also prevents loss of signals
down the LO line.
The power required in a typical
case is shown in Fig. 2“11. To
~1~
obtain this curve, the power from
20
o
the local oscillator was reduced by
Available LO power in milliwatts
FIG.2.11.—Curveshowingover-allnoise
the use of 10SSYline. The availafigureof receiveras a functionof available
ble power plotted on the abscissa
LO power.
is the power that could be obtained
at the end of the lossy line into a matched load.
As would be expected,
there is a very slow variation of noise figure as long as the available power
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is more than about ten times that required by the mixer. As the available
power approaches that required for the mixer, however, the loss of signal
In this case the loss is about 3 db
down the LO line becomes appreciable.
when the available power gets to 1 mw.
Another interesting crystal mixer is one in which a harmonic of the
local oscillator is generated in the crystal and then mixed with the signal
to give the intermediate frequency.
To prevent the receiver from
responding to the fundamental, some selectivity, usually in the form of a
section of waveguide that will pass the harmonic and not the fundamental
frequency, is required. A choke system is also necessary in the LO line
to prevent loss of signal. A cross section of such a device is shown in
Fig. 2.12. The LO power is fed by the crossbar B through the coaxial

FIG.2. 12.—Cr0sssectionof harmoniccrystaImixer.
chokes C to the crystal A. Here the harmonic is generated and mixed
with the signal to give the intermediate frequency which is taken off
the crossbar. The chokes are tuned to the signal frequency and have
very little effect at the local oscillator and intermediate frequencies.
Not many measurements of noise figure have been made on this
harmonic mixing. A series of measurements whereby the local oscillator
at 5000 Me/see was used for signals in the vicinity of 10,000 Me/see
gave a conversion loss of about 12 db and noise temperature ratio of
about 2. Thus over-all noise figures of around 17 db could be expected.
2.5. Thermionic Mixers for Microwaves.—Although
crystal mixers
have been found to give the best performance in the frequency range from
about 2500 Me/see up, particularly for cases where good noise figure is of
primary interest, thermionic mixers are not completely ruled out. Velocity-maculation tubes may be used as mixers at almost any frequency at
which analogous tubes may be made to oscillate, 1although they are somewhat noisy. They will not be treated here. More conventional tubes
‘W. C. Hahn and G. F. Metcalf, “Velocity Modulated Tubes,” Proc. IRE,
February1939.
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such as diodes and negative-grid triodes do find some use up to about
4000 Me/see.
The operation of such tubes at somewhat lower frequencies is covered in Chap. 5. For the frequency range 2500 to 4000
Me/see, transit-time effects becomes so important as to preclude almost
any treatment other than a purely empirical one.
In the design of tubes suitable for use in this frequency range two
(1) Transit times must be kept small
requirements must be satisfied.
This requirement demands close spacing of elements and a
and uniform.
fine mesh for the grid, if one is used. (2) The connection from the actual
tube elements to the external circuits must be short and have low impedance. The planar-disk-seal construction used in the so-called “lighthouse” tubes is one approach to these requirements.
Both diodes and
triodes, such as the types 559 and 2C40, have been made with this
construction.
Another method of assembly is used in the CV58, a British diode,
which has found some use at 3000 Me/see.
In it both anode and cathode
are cylindrical, with flat ends that
are the active areas. The anode
is a solid tungsten rod sealed
through the glass bulb, and the
cathode is a thin nickel cylinder
with one end closed by a flat dkk.
The oxide coating is applied to this
L.end. A helical heater is placed
FIG.2 13.—Crosssectionof CV58 mixer.
inside the cathode cylinder.
The
spacing between cathode and anode at operating temperature is about
0.001 in. Differential expansion of the various components of the tube
makes the achievement of such a spacing both complicated and difficult.
A cross section of a mixer using this tube is shown in Fig. 2.13. There
are various methods of tuning the device and injecting LO power. At
3000 Me/see, the noise temperature ratio is about 3 and the conversion
loss is approximately 13 db, giving an over-all noise figure of about 20
db. Because the diode does not burn out as a crystal does, the duplexer
can be much simpler and have a somewhat lower insertion loss.
The LO power required is about 3 mw, which gives a rectified current
of about 1 ma.
For some purposes where only medium sensitivity is required, triode
mixers have been used. One tube, the 2C40, has already been mentioned.
Another tube used as a triode mixer is the WE708A, a grounded-grid tube
with cylindrical electrodes.
The filament leads are brought out through
coaxial leads, and two connections to the plate are also brought out
through coaxial leads. The grid is connected to the main metallic base
of the tube.
In this tube coaxial tuned circuits are attached to the fila-
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ment leads, and LO and signal power fed into these lines. Some gain is
realized in the plate circuit of this mixer, but the noise output power is
greater than that given by crystals or &lodes. Over-all noise figures of
about 24 to 25 db were measured on receivers using these mixers.
2.6. Local Oscillators. -To
be suitable for use in a superheterodyne
receiver, an oscillator must possess the five following qualities.
(1)
It must have adequate power output.
As has been seen, the power OUG
put must be at least about ten times that actually required by the mixer
in order to prevent excessive loss of signal into the local oscillator.
For
any of the mixers that are likely to be used in the microwave region,
25 mw of LO power is adequate.
(2) It must possess adequate frequency
stability. If automatic frequency control is to be used with the receiver,
this requirement can be relaxed considerably.
(3) It must possess sufficient tuning range. Most of the radar receivers described in this book
have been designed to cover a relatively narrow frequency range, usually
covering not more than 5 per cent of the operating frequency.
Accordingly, the oscillator tubes have been built to serve such a purpose.
(4)
The oscillator must have reasonable power-supply requirements; that is,
it should not take an unreasonably high voltage or require an unreasonably high power input.
(5) If the receiver is to have automatic frequency
control, a fifth requirement may be imposed, namely, adaptability to
electronic tuning. It is, of course, always possible to apply an automatic
mechanical control to the tuning of a local oscillator, but such systems are
likely to become too complicated to be of good serviceability.
Tubes for LO service may be of either the conventional negative-grid
type or the velocity-modulation
type.
At frequencies up to about 1000
Me/see the negative-grid type is almost universally used. Such tubes
are described in Sec. 5.21. From about 1000 Me/see up to perhaps 4000,
the lighthouse tube 2C40 or similar tubes can be used. Above about
4000 Me/see, the velocity-modulation tubes offer almost the only practical tube for receiver use. They are suitable for use over the entire range
from 1000 to 25,000 Me/see.’
2.7. Reflex Klystrons.-Velocity-modulation
tubes may be divided
into two principal classes: (1) those in which an electron beam goes
through two resonators in succession and (2) those in which there is
only one resonator, the electron beam being reflected back through this
a second time. Tubes of the first class are rather more dificult to tune,
since two resonators must be ganged together or otherwise set to the same
frequency. Accordingly they have been used rather little in most
1An extensivediscussionof oscillator tubes suitable for use in receiversof both
velocity-modulationand negative-gridtypes will be found in Vol. 7 of the Radiation
LaboratorySeries. Seealso Vol. 17, Chap. 16, for a listingof many of the typeawith
the frequencyrangethat they cover.
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(a)
KIG.2.14.—(a) Photographof type 417 Mystron;
Me/see.
As examples of the second class, the 707A or 707B or the 2K28
may be mentioned.
Many of the features of operation of such reflex
tubes are described by E. L. Ginzton and A. E. Harrison.1
Figure 2.14a and b shows a photograph and cross section of a type 417
klystron.
In this tube tuning is accomplished by mechanical distortion
of the cavity.
This distortion changes the spacing between the grids of
the cavity, which is roughly equivalent to changing the capacity of the
equivalent lumped circuit.
Major changes in spacing are made by
1E. L. Ginzton and A. E, Harrison, “ Reflex-Klystron Oscillators,” Proc. IRE,
94, 97, March 1946.
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adjusting the three supporting screws, and fine changes may be made
with the tuning knob provided.
Typical power-supply circuits for use
with this tube are shown in Fig. 2.15. The resonator voltage may be
about +300 volts, and the reflector voltage variable between —50 and
-2OO volts. Both of these voltages are measured with respect to the

m

b’
I

(b)

FIG.2.14.—(b) crosssectionof type 417 klystron
cathode. The resonator current is usually about 25 ma. The reflector
In many of the velocityordinarily draws a negligible amount of current.
modulation tubes the resonator constitutes a large part of the outside of
the vacuum envelope.
It is accordingly inconvenient to operate it at a
For this reason, if possible, a separate
potential 300 volts above ground.
power supply is used in which the positive end is grounded.
If it is
necessary to use a power supply in which this cannot be done, some means
for insulating the cavity, tuning controls, and output leads must be taken.
See the receiver described in Chap. 14 f or an example of this sort.
If a reflex klystron is operated with a fixed resonator voltage, a fixed
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load, and variable reflector voltage, and if measurements are made of
power output and operating frequencies, a set of curves much like Fig.
2.16 may be drawn.
It will be noticed that there are discrete regions
of reflector voltage in which the tube does not oscillate at all. The
regions in which the tube does operate are usually known as modes.
For successive modes the transit time of the electrons, as they go from the
resonator to the point at which they are reflected and back to the resonator, cliffers by just one cycle of the radio frequency.
Within any one

(a)
Resonator

311

E-I!

Cathode

T

1P?
e

Reflector
\

f—

(b)

FIG.2. 15.—Typicalelectronicallyregulatedsuppliesfor reflexoscillators.
mode this transit time is changing continually and is responsible for the
shift in operating frequency within the mode.
The change in transit
time may also be produced by a change in resonator voltage, and with it
Therefore, regulated power supply
a corresponding change in frequency.
is provided for the resonator.
Several parameters of importance in
The first of these is
receiver design may be obtained from the curves.
This is the slope of the curve
the so-called electronic tuning coe$cient.
of frequency vs. reflector voltage and is expressed in megacycles per
second per volt.
The second parameter is often called the widthof the
mode between half-power points.
It is the frequency spread between
points on a given mode at which the power output has fallen to half its
maximum value.
It is usually taken as a measure of the frequency
range over wh:ch the tube will furnish useful output with electronic
tuning.
The third parameter is the width of a mode between zero output
points.
It is of importance in the operation of the AFC system because

TRIODE
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it determines whether or not a receiver may be tuned to the wrong sideband (see Sec. 3’10).
Both the half-power width and the zero-power width of a mode depend
The
on the resonator voltage, both increasing as the voltage is increased.
zero-power width also depends on the loading applied to the oscillator.
If
a reactive load is applied to the oscillator, it will also change the operating
frequency. With the very high operating frequencies of some thousands
of megacycles per second, it is easy to have a condition where the load is a
number of wavelengths away from the oscillator, the intervening connection being either a coaxial cable or waveguide.
This condition may
at times lead to a peculiar effect known as a ‘ t1ong-line effect, ” in which
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FIG.2.16.—Modesof oscillationof reflexklystron.
the oscillator will refuse to work over a band of frequencies.
If an
attempt is made to tune it electronically through this band, the frequency
will jump from one edge to the other. In extreme cases, the operation
may actually be unstable, the oscillator jumping back and forth from one
frequency h another in a random manner. 1
Certain of the newer tubes such as the 2K45 and 2K50 utilize a difThese tubes are known as thermally
ferent means of mechanical tuning.
tuned tubes. In them the resonator is entirely within the vacuum
envelope. As before it is tuned by mechanical distortion.
This distortion is produced, however, by the expansion or contraction of a strip of
metal as it is heated or cooled.
This strip of metal ordinarily forms the
anode of a separate triode placed within the same vacuum envelope.
Accordingly, control of the potential of the grid of this auxiliary triode
suffices to tune the main oscillator over its entire operating range. Since
the operating frequency of these tubes changes rapidly with changes in
any of the supply voltages, they are ordinarily useful only where some
form of AFC is provided.
2s8. Triode Oscillator.-A
type of triode oscillator that is useful at
3000 Me/see used the lighthouse tube in what is called a reentrantcauity oscillator.
In this type of oscillator a folded coaxial transmission
14 discussionof thiz point will be found in Vol. 7, Radiation Laboratory Series.
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line is used to connect the plate to the cathode.
A schematic cross
section of such an oscillator is shown in Fig. 217.
In the diagram, a
sleeve B is supported by the grid disk of the lighthouse tube A. A resistor
G serves to connect the grid to ground for direct current.
A rod E is
connected to the plate of the lighthouse tube and is slid on and off the
plate line by the screw S. A movable plunger with a choke joint on the
plate line D is used to close the line. The feedback line is from the plate
through the coaxial line between B and E, then around the end and

FIG.2. 17.—Crosssectionof reentrantoscillator.
toward the cathode by way of the coaxial line between B and F. Pulling
the plate lead off the tube changes the oscillator frequency over narrow
limits.
Large changes in frequency are accomplished by changing the
length of the grid sleeve B. The position of the plunger D determines
the feedback.
b oscillator of this type has a good frequency stability as a function
of voltage variations on the heater and plate.
It is easily tuned by a
single knob.
The power output with 250 volts on the plate is about
50 mw, which is ample for all LO uses.

CHAPTER
AFC SYSTEMS

3

AND CIRCUITS

BY G. H. NIBBE, F. E. TOWSLISY,AND E. DURAND
3,1. Introduction.—The primary consideration of automatic frequency
controls,l AFC, is the frequency stabilization of some source of r-f energy.
This chapter will discuss the various types of AFC that have been used in
receivers to maintain the correct tuning relations for optimum performance. These may be roughly divided into two classifications:
(1)
difference-jrequency
systems and (2) absolute-frequency
systems.
A difference-frequency system of AFC is one in which the difference frequency
obtained by mixing two signals is maintained at a constant value, irrespective of the absolute stability of either source. An absolute-frequency
system is one in which the receiver is tuned to a specified frequency and
maintained there without regard to the frequency of any incoming signals.
All the AFC systems to be described are used with superheterodyne
receivers and operate by control of the frequency of the local oscillator
The
in the receiver, which has a conventional fixed-tuned i-f amplifier.
method used to maintain this control or to obtain the desired stabilization is to compare two frequencies and obtain an error voltage that is
dependent on the deviation from the desired frequent y. This error VOltage is used to correct the LO frequency in a manner similar in principle
to a servomechanism.
As in a servomechanism, there must always be
a small error to provide a correction voltage, but the error required may
be decreased by increasing the amplification in the system.
Systems using the propagation of r-f energy for the conveyance or
gathering of information may be divided for present purposes into three
categories:
1. Normal communications systems.
The intelligence is impressed
on the r-f power sent out by a transmitter by means of some form
of modulation and is recovered at a distant receiving point by an
appropriate process of demodulation.
2. Propagation study systems.
The transmitter serves as a source
of constant power, and variations in the signal received at a distant
point are interpreted in terms of variations in the medium through
which the energy has been transmitted.
I The entireAFC problemwith primaryemphasison the radar aspectis presented
in Vol. 16, Chap. 7, Radiation Laboratory Series.
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Again the condition of the medium of
3. Echo or radar systems.
transmission, in particular the presence of scattering or reflecting
objects, is determined by effects on the received signal, but, in
contrast to the second category, the transmitter and receiver are
located at the same point.
Whether or not the transmitter whose signal to be received is near
the receiver in question plays an important part in the choice of an AFC
system.
As indicated above, radar systems involve a local transmitter.
Since much of the work on which the present discussion is based has
been concerned with radar systems, the applicable types of AFC will
receive the major emphasis.
DIFFERENCE-FREQUENCYAFC SYSTEMS
In one of the first systems for AFC, the local oscillator was maintained
at the correct frequency by tuning it electronically with an error voltage
obtained from the i-f amplifier. 1
The method was used with a selective receiver and achieved the dual
result of simplifying the mechanical tuning of the receiver and reducing
the stability requirements to be met by the local oscillator.
The same
principles were applied in another AFC system used to maintain the
center frequency of an f-m transmitter at an assigned value. 2
The increased use of very high frequencies and microwaves has placed
great demands upon AFC systems as a means of obtaining constant i-f
signals, since both the received signal and local oscillator often have poor
frequency stability.
The use of AFC becomes even more important in
the case of a radar receiver, where the transmitted signal frequency may
shift or be pulled at a fairly rapid rate as a result of varying loads due to
the antenna rotation reacting upon the unstable transmitters that are
used.
SYSTEMS OPERATINGON THE RECEIVED SIGNAL
AFC systems operating on the received signal can function only
after the receiver has been tuned to an incoming signal by other means.
A block diagram of such an AFC system is shown in Fig. 3.1.
The discriminator supplies an error voltage indicating the degree of
mistuning, and the control circuit changes the LO frequency in the correct
direction to reduce the error voltage nearly to zero.
Since the mixer and i-f amplifier of the signal channel are often used
for the AFC signal, a conventional a-m receiver may be provided with
AFC by the addition of only a discriminator and a control circuit.
How‘ C. Travis, “Automatic FrequencyControl,” Proc. IRE, 23, No. 10, October 1935.
2I. R. Weir, “Field Tests of Frequency- and Amplitude-modulationwith I’ltrahigh-frequencyWaves,” Gem Eke. Rev., May 1939.
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ever, the dkcriminator for the AFC channel sometimes follows a separate
i-f amplifier stage bridged across the input to the last i-f stage in the
receiver. This arrangement affords isolation between the discriminator
and signal detector.
Because f-m receivers already have discriminators,
only the control circuit need be added.
An output voltage vs. frequenc~characteristic typical of the discriminators used for AFC is shown in
Local
oscillator

Mixer
1-
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I
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circuit

I

l-f
amplifier
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FIG.3 1.—Block diagram of receiver with
AFC.

-k

FIG. 3.2.—Discriminatoroutput
as a functionfrequency.

Fig. 3“2, and the circuit diagram of a commonly used discriminator is
shown in Fig. 3.3. The i-f signal input to the discriminator can be
maintained at a nearly constant value with automatic gain control, AGC,
of the i-f amplifier.
The function of the control circuit is to convert the error voltage output of the discriminator into a frequency correction of the local oscillator.

FIG,3.3.—Foater-Seeley
discriminator.
The type of AFC desired, the discriminator characteristics, and the type
of local oscillator used set the requirements for the design of the control
circuit.
3.2. Control Circuits for Feedback Oscillators.-At
high and very
high frequencies, ordinary negative-grid oscillators are commonly used
The frequency of oscillation is
for the local oscillator in the receiver.
largely determined by the constants of the associated tuned circuits,
and, to effect a frequency change, one of the tuned-circuit parameters
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must be varied.
It is possible, for example, to vary mechanically the
capacity, inductance, or resistance of the tuned circuit with a motor that
is part of a servomechanism controlled by the amplified discriminator
output voltage.
Electronic variation of the tuned-circuit parameters
is a more common means of control, however, and numerous amroaches
..
to this problem
have been
Hartley oscillator
Reactance
tube
suggested.
A widely used method for ob~
,. c,
taining a frequency variation from
+Bq2
a voltage variation is the injection
of a reactive current into the tuned
circuit with a ‘{ reactance tube. ” L
RFC
A circuit diagram of a Hartley
B+
oscillator and one type of reactance
Control
E tube is shown in Fig. 3.4.
; voltage,
Here C!
Xcz=10R1
and RI act as a voltage divider and
FIG.3.4.—Frequencycontrolb}- meansof a
phase shifter, so that the,grid voltreactancetube.
age of Va leads the plate voltage by
almost 90°. The plate current of Vz is then almost 90° from the voltage
appearing across the tank circuit LI, Cl. The net effect is equivalent to a
shunting capacity across Ll, Cl, whose value is C’i = gmRIC~.2
A pentode is usually used for V, in order to obtain a high value of
g~ and thus a large variation in injected capacity.
The injected capacity
can then be varied over a considerable
range by changing the bias voltage E,
in Fig. 3.4, thereby changing g~.
Therefore, a frequency variation is
obtained that corresponds to the bias/
voltage variation.
The performance
of such a circuit may be shown by a
curve of frequency vs. control voltage,
such as Fig. 3.5. (Frequency is chosen
FIG. 3.5.—Oscillat0r frequency vs.
as the abscissa to facilitate a subsereactance-tubegridvoltage.
quent use of the curve. ) This curve is
seen to cover a range of frequencies extending fromfl to f2. The end of the
curve at fl corresp~nds to ~he highest usabl~ valu~ of g; and is marked by
the drawing of grid current in Vz. The limiting frequency fz corresponds
to gn equal to zero, with complete cutoff of Vz; therefore the frequency of
the oscillator no ~onger depends on the control voltage.
Obviously the
range (jz — jl) represents the greatest possible frequency coverage of the
1D. E. Foster, S. W. Seeley, “Automatic Tuning, SimplifiedCircuits,and Design
Practice,” PmJc.IRE, 25, No. 3, March 1937.
2A. Hund, Frequency Modddion, hfcGraw-Hill, N’ewYork, 1942, p. 166.
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system. The frequency fO corresponds to the operating frequency with
no applied control voltage.
It maybe varied by changing the mechanical
tuning of the oscillator.
This variation essentially displaces the whole
curve to the right or left. Another parameter of importance is the tuning
coefficient in megacycles per second per volt, which is the reciprocal of
Exactly analogous quantities, tuning
the slope of the curve as drawn.
coefficient and maximum frequency
+
range, will be important properties of
.r”
any of the other oscillator systems
g
i
g
considered.
6
J“
>
The operation of the complete AFC
system may now be considered graphi(cl)
cally by combining the curves of Figs.
3.2 and 3.5, as shown in Fig. 3.6.
f’
The zeros on the frequency scale will
+
differ for the two curves by an amount
f’(~
&
f,, the frequency of the signal, which is
m
f—
=
Jo
~
here assumed to be a constant.
As
drawn, the curves apply to the case
-b
where the LO frequency is above the
(b)
signal frequent y.
fiv
Figure 3.6a corresponds to the case
+
;’;O
~
where the mechanical tuning of the
f(l,
z
%
oscillator is such as to produce the
i?
f
f“
g
desired frequency without any help
from the control circuit.
The discri(c)
minator then provides no output, and
the entire system therefore remains at
-v
this point. Figure 3.6b corresponds to
FIG. 36,-AFC action. (a) Oscillatorfrequencycorrectwithoutcontrol;
the case where the mechanical tuning
(b) oscillatorfr.quency somewhattoo
is off on the high-frequency side. For
highin absenceof control; (c) oscillator
frequency still higher in absence of
any frequency between jo and j’, the
control.
output voltage of the discriminator is
more than enough to bring the oscillator to that frequency.
Therefore
f’ is the equilibrium operating point for the system.
The operating error
is thenfl — ~“, and the error that has been corrected isfO — j“.
The ratio

‘?

(f’ – f“)/(.fo – j“) is thus a measure of the efficacy of the system.
It may
be expressed in terms of the tuning coefficient T, of the oscillator system
expressed in megacycles per second per volt and the slope D of the discriminator output expressed in volts per megacycle per second
f’ -f”=
f,

– f“

1
1 + T,D’
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assuming that both curves are linear over the range involved.
This
equation is analogous to the expression 1/(1 + @) for the reduction of
error in an inverse-feedback system.
Consider now the situation shown in Fig. 3“6c. Here the mechanical
tuning is off still farther on the high-frequency side. There are therefore
two new points of intersection of the two curves labeled f’” and ~.
For any frequency between j, and j’” the discriminator output voltage is more than sufficient to bring the oscillator to that frequency,
but for frequencies between~ and j’” the discriminator output is insufficient to maintain
the frequency at that value.
Therefore’”
will
I
FIG.3.7.—Pull-inand hold-in be a point of stable equilibrium, as will j’.
rangefor AFC.
On the other hand, P will be a position of
unstable equilibrium.
If the system is put in that state, a slight disFor this condition of
turbance will cause it to go to either j’ or j’”.
mechanical tuning, the operation is satisfactory as long as the received
signal is maintained provided the system has initially been put in the
state j’ by some means.
However, if the signal is interrupted, the oscillator frequency will shift to jo; and if the signal is then restored, it will
300v

~
z
.s

E
.=
%
s
E
g

FIG.3.8.—Direct-coupledamplifier,reactancetube, and Hartleyoscillator. At the frequencyof operationunmarkedcapacitorshavelowreactance. X., = IOR6:R5 s 10%.
Thk
return only to j’”, where operation is definitely unsatisfactory.
behavior may be described by saying that the system will not pull in
from the condition shown in Fig. 3.6c but it will hold in if properly set to
begin with.
Two sets of limiting conditions may now be defined for the operation
of the AFC system; these limits may be called the pull-in range and the
ho.ki-zn range.
To avoid useless complication, the maximum range of
the oscillator–control-circuit
combination will be assumed to be much
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greater than either of these ranges, and the tuning curve over the range
of interest will be considered to be a straight line. The conditions at
the limiting cases may be represented as in Fig. 3.7, where j~, jBj jc, and
f. represent four different mechanical settings of the LO frequency.
8ince the system will pull into the correct operating frequency under all
conditions if the mechanical tuning is between fB and fc, this may be
called the pull-in range. On the other hand, it will hold itself at the
proper point, once set there and barring interruptions of the signal, if
the mechanical tuning is varied over the range from j. to jD, so that this
may be called the hold-in range. If it is set outside the range from j.
toj., it will not lock at the correct point under any conditions.
A direct-coupled amplifier can be added to the system between the
discriminator and the reactance tube to increase the loop gain. A circuit
diagram of the elements of such an AFC system is shown in Fig. 38.
The advantages of increased loop gain
6+
are greater range, both pull-in and
hold-in, and more accurate tuning.
In
RFC
terms of Fig. 3.7, this circuit increases
all ordinates of the discriminator(
output curve without affecting the
To
Since the ‘~~~~
c ..oscillator-tuning curves.
- Bias or
1
+ control
direct-coupled amplifier inverts the discirc~it
voltage
criminat or characteristic, it is necesJ
m
sary to reverse the action” of one of the
R-f
L~ R
elements if the discriminator characbypass
teristic is as shown in Fig. 3.2. The
!!lt
local oscillator can be operated on the
FIG.3.9.—Reactance-tubecircuit.
low-frequency side of the signal frequency, for example, or the reactance tube can be connected as shown in
Fig. 3.8 so that it will inject inductive reactance rather than capacitive
reactance. The injected inductance will then be’

1

L. – C2R6.

9m
The reactance-tube circuits shown in Figs. 34 and 3.8 depend on a
phase-shifting network to supply the grid with a voltage that leads or
lags the plate voltage.
At higher frequencies the interelectrode capacities of the tube load the phase-shifting network, and transiktime effects
add an additional phase lag between grid voltage and plate current.
These factors tend to make the design of such reactance-tube circuits
difficult. As a result of these effects, a resistive component of plate current as well as a reactive component is injected into the tuned circuit.
~Ibid,
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The resistive component may load the oscillator so heavily that it becomes
difficult to maintain oscillation, especially when the resistive component
is varied by the controlling voltage.
A reactance-tube circuit’ that is more suitable for operation in the
vhf region is shown in Fig. 3.9. If X., = X~, = R, ithas been shown
that a reasonable value of resistive inj ection, which remains substantially
constant over the useful range of operation, can be obtained.
Other
reactance-tube circuits that have advantages over the simple forms shown
in Figs. 3.4 and 3.8 have been described2 in the literature.
3.3. Control Circuits for Reflex Oscillators.—Reflex
velocit y-modulation oscillators such as the 707B, 2K28, 723A/B, and 417 are com+300

From
discriminator
output

I

707,723

I
t
-300 v
FIG.3.10.—Controlcircmtfor reflexoscillatortube.
monly used as local oscillators in microwave receivers. Inasmuch as a
variation in reflector voltage in these tubes produces a large variation in
frequency, it becomes easy to provide AFC for receivers using this type
of local oscillator.
The reflector is usually operated at a potential from
100 to 200 volts negative with respect to the cathode.
A directcoupled amplifier is often used between the discriminator and LO reflector
electrode to obtain greater loop gain. The proper operating potentials are maintained by connecting the amplifier cathode lead to a
– 30@volt supply.
A circuit diagram of this type of control is shown in
Fig. 3.10. The proper operating range for the control circuit is selected
by adjusting the potentiometer R,, which varies the reflector voltage
from – 70 to – 270 volts by varying the grid bias of the 6J5 direcfi
coupled amplifier.
There is some variation in gain, of course, as Rz is
1W. R. Rambo, “ Noteson a Common-gridReactance-tubeCircuit,” RRL Report
No. 411-TM-40, Harvard University,Jan, 15, 1944.
z M. G. Crosby, “ Reactance-tube Frequency Modulators,” RCA Rev., V, 89,
1940; B. E. Montgomery, “An Inductively Coupled Frequency Modulator,” I’roc.
IRE, 29, h’o. 10, October 1941; C. F, Sheaffer,“Frequency Modulation,” I’rm. Iwl
28, No. 2, February 1940.
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varied. Many of the circuits to be described later forradar AFC may
be used with slight modification.
Discriminators
for C-w Systems.—The
3s4. Discriminator Circuits.
discriminator circuit illustrated in Fig. 3.3hasbeen
widely used for the
demodulation of f-m signals as well as for a source of error voltage for
AFC systems. The theory of the circuit has been presented, and expressions for the bandwidth in terms of the tuned-circuit parameters have
been obtained. 1
If the discriminator is used both for demodulation and as a source of
error voltage, as in an f-m receiver, the bandwidth required is determined
by the modulation index and maximum modulation frequency.
In a
receiver for the reception of a-m signals the discriminator bandwidth
should be approximately equal to the bandwidth of the i-f amplifier.
The resistors R, and R, in Fig. 33 are usually large compared with the
diode impedance in ?rder to maintain high rectification efficiency.
In
the case of a detector for f-m signals, Cl and CEare made large enough to
act as a low-pass filter to eliminate the transmission of an i-f signal component.
If the demodulated signal voltage were applied to the reactancetube grid or to the reflector of a reflex oscillator tube, it would cause
frequency modulation of the local oscillator.
If the polarities of the SyStem were correct for AFC, the net effect would be to reduce the modulation index or apparent f requenc y swing of the received signal. If the Lo
frequency modulation is not linear, the apparent signal modulation will
be distorted. For this reason the discriminator output should go through
a low-pass filter before application to the control circuit.
This filter
removes the modulation components from the output voltage, leaving a
voltage that is due to the carrier frequency alone.
Discriminators
jor Pulse-signal
Receivers.—Discriminators for operation with pulse signals are similar to ordinary discriminators; but if good
efficiency is to be obtained, the frequency response of the output circuit
must be such as to let it handle the video-pulse” signals properly.
The
same principles that apply to diode detectors (see Chap. 7) for pulsed
signals apply to discrimina,to~s, since a discriminator can be divided into
two parts, each consisting of a coupling network and a diode detector.
The equivalent coupling networks act as though tuned to either side of
the desired crossover frequency, and the output voltages of the two sections are subtracted after detection to give the positive and negative
characteristic that is desired. Whether the staggered-frequency effect
is obtained from a complex network such as that shown in Fig. 3.3 or
from two tuned circuits actually staggered is unimportant, except for
1H. Roder, “Theory of the Discriminator Circuit for Automatic Frequency
Control,” Proc. IRE, 26, No. 5, May 1938.
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the effect that such coupling networks may have on the impedance of
the source of pulsed signal.
A receiver of pulses will have an over-all bandwidth determined by
the length of the pulses for which it is designed.
Since the pulse has an
ener~ spectrum covering a range of frequencies, the discriminator bandwidth must be large enough to average this spectrum to obtain the center
frequency of the pulse. The peak-to-peak separation of the discriminator
should therefore be approximately equal to 1.5 times the reciprocal of
the pulse length.

,.

b

6AK5

R

-------

4
c,
FIG.31 I.—Peak-readingdiscriminatorcircuit, crossoverfrequency,60 Me/see; VI
tunedcircuitresonatesat 65 Me/see; V, tunedcircuitresonatesat 55 Me/see; bandwidth,
10 Me/see; VI and V,, 6AL5’s.
The low value of duty ratio found in most pulse applications plays an
important part in determining the design of both discriminator and
control circuits.
For pulse lengths of a few microseconds or less it is
practically impossible to achieve frequency correction within the length
of a single pulse; therefore, the ~rror voltage and resulting cent rol action
are averaged over several pulses. If a simple RC-circuit is used in the
discriminator output to do this averaging, the value of the output voltage will be the peak output of the discriminator multiplied by the duty
ratio. Since duty ratios as small as 1/1000 are not uncommon, the average voltage out of the discriminator can be very small and so require a
large amount of amplification.
To the extent that the discriminator circuit can be made a peakreading device, this difficulty will be minimized.
For the circuit shown
in Fig. 3.3, some progress can be made in this direction by making resistors R, and R, large. The circuit of Fig. 3.11 is a still closer approach to
a peak-reading discriminator.
At the same time it has excellent gain
when used with large bandwidth.
The size of the resistors Rd and RS
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determines the pulse characteristics.
If Ri and Rs are small, approximately 5000 ohms, the output will be a pulse with short rise and fall times.
AS R4 and Rb are increased, the fall time becomes longer and longer,
until, as the resistors approach 1 megohm, the output is essentially flat
between pulses if the repetition rate is of the order of 2000 cps. This
latter condition is obtained only if the circuit connected to the discriminator has a high impedance, such as does the grid of an amplifier.
The
action of the diodes will provide a d-c return for the grid of the following
stage.
The operation of this discriminator may be analyzed with the aid of
the equivalent circuit shown in Fig. 3.12. Assume that the parallel
combination L2, Cz, and the capacity of the diode V 1resonates at a higher
L2

Rz
C2
,

V* 8’
es

$p

RFC

La

I
r

FIG.3.12.—Equivalentcircuitfor discriminatorshownin Fig. 3.11.
frequency than the crossover frequency whereas the combination Ls,
Cal and diode V2 resonates at a lower frequency than the crossover frequency. Suppose that these frequencies are 65 and 55 Me/see respectively. If a pulsed 62-Me/see signal e, is applied to the two branches,
the voltage at (74will be a positive pulse of magnitude el, and the voltage
at CS will be a negative pulse ez. The positive pulse will be larger than
the negative. At the end of the pulse the diodes will become nonconducting. Since Ci and Cb will be charged to the peak value of the voltage, the only path of discharge is then through R4 and Rb. The voltage
eoappearing at the junction of R4 and RS Will be eo = (el + eJ/2.
capacitor C4 will then discharge toward eo, while C6 discharges toward that
same potential; but at the time when the potential of Cb becomes zero,
V2 will become conducting and CA will then discharge toward ground
potential. If Ri and R6 are large enough, Va will not become conducting
until after the next pulse, and eo will then consist of constant direct
voltage indicating the deviation of the signal frequency from the cross-
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over frequency.
The value of eo will be the same for a c-w signal and a
pulsed signal having equal peak-to-peak amplitudes, provided that the
pulse is long enough to charge C, and Cs up to the full value.
The discriminator characteristic is the same as that shown in Fig.
3.2 for pulsed or c-w signals. The bandwidths of the individual seriesresonant circuits are made approximately 0.4 of the desired peak-topeak separation, and the tuned circuits are tuned to the opposite sides of
the crossover frequency by 0.5 of the desired peak-to-peak separation.
At the crossover frequency, to which LI and Cl are tuned, the discriminator reflects zero reactance to L 1, and therefore Cl resonates with L1 at
the crossover frequency.
The resistor RI loads LI and CI to approximately the same bandwidth as the discriminator peak-to-peak separation.
Another discriminator circuit is shown in Fig. 3.13. The output cir-

l-f amplifier
<t

‘ ‘c,

L,

C3

0+

~
T?IG.313,-30-Mc/sec

discriminatorcircuit.

cuit is arranged in the same manner as the Foster-Seeley type, but the
reversed diode type of connection shown in Fig. 3”11 could be used.
LI and Cl are resonant at the desired crossover frequency, as is L, with
C, plus the series capacity of CZ and C,. The difference between C,
and Cs determines the peak-to-peak separation within the limits of the
For a fixed difference in capacity
bandwidth of the tuned circuits.
between Ct and Ci, the crossover frequency is determined by -L~and C,
with very little interaction from Cl and L1.
The discriminator circuits mentioned above for use with pulsed signals are also suitable for c-w signals. The principles involved in obtaining good response to pulses apply directly to obtaining good transient
response and for that reason should be adhered to in the design of dkcriminators for use as demodulators for f-m signals. In particular, it is
sometimes not realized that C2 is in shunt with Cs in the circuit shown in
Fig. 3.3 and that as a result C6 should be smaller than C4 by the value of
02.
1A mathematicalanalysis of this circuit is found in Y’ol. 16, Sec. 7.8, Radiation
Laboratory Series.
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SYSTEMSOPERATING ON A LOCAL TRANSMITTER
305. General Requirements.—In this class of system, the signal transmitted directly from the local transmitter to the receiver (spill-over
Signals reachkg the
signal) is used for frequenc y-c ontrol information.
receiver after reflection (echo signals) from radar targets at extreme
ranges are so low in power that the i-f signal voltage output from the
mixer is equal to or slightly more than rms noise voltage at the same point.
Although these signals of the same magnitude as noise furnish useful
information at the radar indicator, noise interference effectively prevents
the use of such signals for AFC information.
Large echo signals, well
above noise, are obtained from short-range targets, but these large echo
signals cannot be depended upon, since short-range targets are not
always available.
The spill-over signal, in contrast, is always present
and is much greater than receiver noise. Also since it is nearly constant
in power, its use for AFC has the added advantage of eliminating the
necessity for AGC or limiter action in the AFC amplifier.
are two requirements to be met by the
AFC Requirements. —There
AFC system and the local oscillator.
1. There is a band of frequency over which the system must operate
without manual readjustment.
This band is determined by the
frequency shifts expected from the transmitter and local oscillator
as a result of variation of temperature, voltage, load, etc. As
frequency is shifted across this band, LO output to the mixer must
remain substantially constant in order that receiver sensitivity
A typical limit is + 1.5 db
will not be changed by AFC action.
in the power received by the mixer from the local oscillator.
2. The control method must be of such nature that frequency shifts
with sufficiently small time lag. If transcan be “followed”
mitter frequency increases, LO frequency must increase along with
it in order to keep the mixer output at a constant intermediate
frequency.
These two requirements must, of course, be met by any AFC.
In
radar AFC the second requirement is relatively more important than it is
in other types of AFC, since rapid transmitter-frequency
changes are
likely to be encountered.
Radar AFC has been developed predominantly in the frequency band
from 3000 to 30,000 Me/see.
There have been two principal factors
that have been influential in this development.
1. As the operating frequency of a superheterodyne receiver is
increased, it is usually necessary to improve the frequency stability
The allowable freof the oscillators employed in the system.

‘
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quency variation in cycles per second is set by the channel bandwidth, which depends on the service (speech, music, or picture
transmission; radar; etc.).
Accordingly, since the channel bandwidth remains the same, the allowable percentage frequency variation decreases at the higher frequencies, and better frequency
stability is required.
In the microwave region resonant elements of very high Q
are available for improving oscillator stability.
The use of such
circuit elements has resulted in sufficient frequency stability for
radar applications up to about 3000 Me/see, since the bandwidths
are fairly great. Above this range, however, with the velocityvariation oscillators used at the present time, temperature and
voltage changes result in frequency variation so large that some
form of AFC is necessary in many applications in order to eliminate
continuous retuning adjustments by the radar operator.
2. Small mechanical imperfections or small mechanical distortions
produced in the antenna system as the radar scans are not serious
when the longer wavelengths are used. However, at the shorter
wavelengths, particularly in the 1- to 10-cm range, electrical pathlength changes between the transmitter and antenna occurring
during the radar scanning cycle may produce a transmitter-load
variation that causes a change in transmitter frequency.
AFC
is then needed in the receiver in order that this frequency change
may be followed by the local oscillator.
Below 3000 Me/see, high-frequency triodes with mechanical tuning
It is possible to shift frequency by
are often used as local oscillators.
changing voltage in these oscillator circuits, but power output changes so
rapidly with voltage that electronic tuning is not useful for radar AFC;
that is, AFC requirement 1 is not realized.
Electronic and mechanical tuning are available with the velocitymodulated tubes used as radar local oscillators at 3000 Me/see and above,
and the electronic tuning is adequate to meet both the AFC requirements.
Electronic AFC, involving only electronic elements in the control circuits, is simpler in application than mechanical AFC, in which an electromechanical linkage must be used for conversion of the electrical error
Most of the radar AFC methods in
signal into a mechanical correction.
the 1- to 10-cm region are electronic rather than mechanical in nature.
The present discussion will be confined to systems applicable to pulse
radar systems.
3s6. R-f Problems.-The
proper operation of radar AFC depends in
large measure on the correct design of the r-f circuit components, such as
the mixer, the local oscillator, and the waveguide connections and
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attenuators. Since these are considered in detail elsewhere, the emphasis in this chapter will be placed on the requirements and specifications
that must be realized in the r-f circuits in order to obtain correct AFC
operation rather than on the’ construction and design details for these
components.
LO Shiekiing.-Fau1ty
AFC operation due to leakage of transmitter
r-f power or of modulator video pulse power into the LO system, with
resulting extraneous frequency shifts, is possible if the oscillator shielding
is not done carefully.
The size of holes in the shielding for cooling or
tuning is usually reduced to the smallest possible value consistent with
the necessary heat dissipation and
~
Antenna
the desired ease of mechanical
tuning. The s h i e 1d must be
solidly grounded.
The wires conTransmitter
necting the local oscillator to its
power supply must ‘be weIl byt
passed and shielded.
In the lowLocal
and medium-power radars, with
Mixer
oscillator
transmitter pulse powers ranging
up to 50 kw, pickup on connecting
t
~---_[
-——
wires is low enough so that the
AFC
:
I-f amplifier
local oscillator and its power sup- I discriminator &
~ control circuit
~
A
ply may be mounted in separate
FIG.3.14,—Blockdiagramof radar system
chassis. With sets making use of
withAFC.
higher transmitter power levels, or
where there is excessive power leakage from unavoidable gaps in the transmitter-to-antenna line, the local oscillator and power supply are mounted
together in one well-shielded chassis in order to eliminate wiring pickup
troubles.
Mizers.—Two
serious problems occur in the design of the mixer.
and they
These are error signal distortion and. i-f harmonic production,
must be suppressed or avoided in order that the AFC may lock the oscilThe description and solutions of
lator frequency at the correct value.
these problems are contained in the following discussion of the various
mixer systems used in radar AFC.
In the 1- to 10-cm radar systems, the same antenna is used both for
The transmitted pulse power is
transmission and reception (Fig. 3.14).
in the range from 1 kw to 1 Mw.
Echo pulse powers may be as small as
10-’3 watt. The mixer and receiver must be protected from overload
and burnout due to the large amount of power in the pulse received
dkectly from the transmitter and yet must be able to detect the very
small echo pulses. The TR tube described in Sec. 2.1 operates to furnish
the necessary protection during transmission.
There is a small amount
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of TR-tube coupling, however, and some of the initial pulse power does
get through to this mixer. This pulse is the r-f signal used for AFC in
Since one mixer is used both for AFC and for echo
early radar systems.
signals, such systems have been called “single-mixer”
AFC, in contrast
to those using separate mixers for AFC and echo signals.
3.7. The Single-mixer System.—Since
the input signal for AFC
comes in through the TR tube, the mechanism of breakdown in the gas
discharge has an important part in
Spike
,
determining the characteristics of the
I
signal and so of the AFC operation.
Studies show that the envelope of the
r-f power transmitted by the TR tube
has a form more or less like Fig. 3.15.
1
The sharp spike on the front edge is
&
Plateau
the result ofdirect transmission of the
2
g
/“
transmitter power before the arc
\
(
forms.
It is exceedingly
short, a
Time —
very small fraction of a microsecond,
;— l~sec--!
and its exact shape depends on a
Fm. 3.15.—Video pulse output from large number of factors: rate of rise
TR-tube leakage.
of transmitter pulse, Q of TR cavity,
conditions inside TR tube, etc. Furthermore the energy in the spike is
fairly high. Whether or not LO power is applied to the mixer, there will
be a signal produced by rectification in the mixer crystal that will have
essentially the same shape as Fig. 3.15. Since the spike is so short, its
energy spectrum will extend up to frequencies perhaps as high as some
hundreds of megacycles per second, and the distribution of energy in this
spectrum will be affected by all of the things that affect the shape of the
spike. 1
If such a signal is applied to the discriminator, the output signal will
be the result of integrating the product of the discriminator transmission
function and the signal frequency spectrum over all frequencies.
Two
I It will be recalled that the frequency spectrum of a single rectangularpulse of
length,, given by the conventionalFouriertransform,is of the form
E(u) d(o= ‘~

d.,

where E(w) dw is the energy in the angularfrequency range dcoand z = +CM. This
function has zeros at z = rm (n = 1, 2, 3, . .). The principal part of the energy
is contained in the region betweenthe origin and the first zero or in a range of frequenciesbetweenzero and the reciprocalof the pulselength. If, insteadof a simple
rectangular pulse, a high-frequency wave is modulated by such a pulse, similar
expressionsbold, with energy distribution extending a like amount on each side of
the frequency correspondingto the originalunmodulatedwave.
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typical possible cases are shown in Fig. 316.
In the first case the spike
is assumed to be so short that the energy distribution in the vicinity of
the intermediate frequency is practically constant, whereas in the second
case a somewhat longer pulse has caused a zero in the energy spectrum
to fall near the intermediate frequency.
Suppose now that the output
from the discriminator is observed for these two cases in the absence of
local oscillator. In the first case there will be practically no output,
since the regions on each side of the center frequency contribute nearly
However, in the second case there will be a
equally and so cancel.
relatively considerable positive output, in other words, the same sort of ~
output as if the local oscillator had
~
been running and had been produc~
ing too low a clifference frequency,
g
This output will then act just the ~
same as a proper error signal and
“W
will cause the LO frequency to be
shifted incorrectly.
If LO power is
now applied to the mixer, the proper
~
error signals will be produced in :
addition to the spurious signals due ~
characteristic
to the spike. If these spurious ~
signals are small compared with the ~
proper ones, the operation of the
(b)
system may be fairly good; but if
FIG.3.16.—I-fspectrumof video pulse
the two are comparable in size, confrom TR-tube leakage. (a) Short pulse;
siderable disturbance or complete
(b) long pulse,
inoperation is likely to result.
Various palliative measures have been used, in some cases with reasonable
success. Probably the earliest such measure was the intentional distortion of the discriminator characteristic.
If in Fig. 3. 16b the low-frequency
peak of the discriminator curve is made considerably smaller than the
other, it may be possible to reach a condition where there is little or no
error-signal output in the absence of local oscillator, and yet with local
oscillator applied the correct error signals will be produced.
As long
as the details of the shape of the spike remain unchanged, operation
will be reasonably good, but any change in transmitter or TR tube
is likely to throw things completely out. A second method of more
general utility is the elimination of the spike’ signal. Since the spike,
of necessity, comes at the front edge of the transmitter pulse and is
over considerabley sooner, it may be possible to apply a blanking pulse
to the AFC system so that the spike will not be transmitted but the last
part of the transmitted pulse will be. For this to be successful, the band-
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width of the system up to the point where the blanking pulse is applied
must be wide enough so that the duration of the spike signal after passing
through the system is still much shorter than the transmitter pulse.
The net result of these difficulties has been to eliminate single-mixer
AFC systems almost completely from consideration in new radar system
designs.
3.8. The Double-mixer System.—The next logical step in improvement of AFC operation is to use a separate mixer for AFC.
A total of
two converters is thus used b the radar, one for echo-signal mixing and
This type of system is usually called
one for obtaining the AFC signal.
double-mixer AFC, although separate-mixer AFC would be more precise.
————
~ ‘A;tomatic
~
frequency
h->
!~_:ont:ol__j

-

Local
oscillator

—

Signal
mixer

—

i-f
amplifier

~

I
AFC
mixer

Antenna

t
—

attenuator

TR-tube

Transmitter

k

i

L J

&
+

FIG.3.17.—Blockdiagramof doublemixerAFC.
In Fig. 3.17 is shown a diagram of the double-mixer connection.
The
AFC chain is now entirely separate from the echo-signal mixer and
amplifier.
Accordingly, since the AFC chain does not work on echo
signals but makes use only of the main pulse, a fixed attenuator section
may be inserted before the AFC mixer. There is no need for a TR tube,
since the fixed attenuator furnishes protection for the AFC mixer, and
the AFC signal distortion due to the TR-tube spike may therefore be
eliminated.
The local oscillator must now supply power for two mixers rather
than one, but this requirement is comparatively easy to accomplish.
For
example, the oscillators commonly used, such as the 707B, 2K28 and
723A/13 tubes, have normal power outputs of the order of 25 to 50 mw.
In the operation of the signal mixer, the conversion gain and the noise
figure are of primary importance in determining how much LO power
should be made available at the mixer. This adjustment is discussed
in Chap. 2. The oscillator power at the crystal that produces maximum
signal-to-noise ratio, that is, the greatest sensitivity for the small echo
signals returned from targets at extreme range, is approximately ~ mw,
and this power corresponds to rectified crystal current of 0.5 to 1.0 ma.
In the AFC mixer the principal criteria are the harmonic ratio and
the suppression of leakage interference.
The influence of these factors
on correct AFC action also results in an optimum mixer power contribution from the local oscillator of about ~ mw. This is convenient for field

SEC.3.8]

THE DOUBLE-MIXER

SYSTEM

45

operation in that the coupling to both mixers may be adjusted to give
the same value of rectified crystal current in both circuiti.
The relatively large ratio between oscillator output power and mixer
requirements permits loose coupling between the two, which is helpful
With tighter coupling,
in avoiding loss of signal power into the oscillator.
resonances in the mixer and r-f circuits react on the oscillator and affect
its operation. For instance, with some of the lower-power 723A/B’s
used at 10,000 Me/see where the normal coupling must be increased to
obtain the necessary ~ mw at the crystal, peculiar effects are produced,
as ahown in Fig. 3.18b. Irregularities such as these may be tolerated
if they are outside the frequency band that the local oscillator is required
to cover. If a large irregularity occurs near the
operating frequent y, however, AFC requirement
1 is certainly not realized, and correct functioning of AFC will be difficult if not impossible,
since the operating frequency may drift into the
(a)
It is sometimes
irregularity during operation.
possible to shift these resonances by mechanical
tuning and thus to remove them from the vicinity of the operating frequency, but this solution
This effect is, of course,
is not always feasible.
made negligible by broad-banding
the mixer
system, that is, by reducing the resonances in
(b)
the frequency-coverage band.
FIG.3.lS.—Effectof load
on oscillator modes. (a)
AFC Attenuator.—A small fraction of the
Normal tube with loose
transmitter pulse energy is obtained for the AFC
coupling;(b) low-powertube
withtight coupling.
mixer through a sampling connection in the line

Pl_._a

!_.A!3-

between the transmitter and antenna.
An r-f attenuator is inserted
between this connection and the mixer. The attenuation is usually
produced by a section of cylindrical waveguide below cutoff.
The action
is essentially like that of a high-pass filter, which passes energy above
the critical frequency but attenuates the applied power below this point.
The diameter of the cylinder is made small enough so that the critical or
cutoff frequency is greater than transmitter frequency.
The attenuation
in decibels is proportional to the cylinder length, and this length is
adjusted to give the required fraction of transmitter power at the mixer.
The attenuation value is made very large, from 75 to 90 db, in order
to reduce the transmitter power, ranging from 35 to 1000 kw, down to
1 or 2 mw at the crystal.
All leakage paths must accordingly have more
attenuation than thki value. A dksipative pad inserted at the mixer
may be used to provide 20 to 40 db of the total.
This pad serves to
reduce the effect of leakage into the cylindrical attenuator connections,
since only about 50 db is then needed in the cylindrical section.
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Harmonics of the transmitter output may be above the cutoff frequency of the attenuator and are then passed with negligible attenuation.
This harmonic energy produces, at the attenuator output, a much larger
ratio of harmonic to fundamental energy than exists in the transmitter
pulse itself. The LO input to the crystal may also contain harmonic
energy, or both transmitter and LO harmonics may be generated by the
In practice, considerable harmonic connonlinear action of the crystal.
There are then several values of LO
tent is found in the crystal output.
fundamental frequency at which an i-f pulse of a given frequency may be
produced.
If, for example, 30 Me/see is the desired intermediate frequency, a mixer output at this frequency may occur not only when the
LO frequency is 30 Me/see away from the transmitter frequency but also
at separations of 15, 10, 7*, . . . Me/see.
If the second-harmonic
30-Mc/sec pulse is large enough in amplitude to work the AFC circuits,
the local oscillator may be maintained or locked at a 15-Mc/sec interval
from the transmitter instead of the 30-Mc/sec interval for which the
This situation must be avoided, since sensignal channel is designed.
sitivity and hence range will be greatly reduced.
Transmitter harmonics may be suppressed before the AFC signal
reaches the crystal by the insertion of resistance strips, mode-damping
fins, or polyiron slugs into the cylindrical attenuator.
In the proper
positions and orientations in the guide, these act like low-pass filters, in
that the harmonics are attenuated more than the fundamental component in the transmitter pulse.
Harmonic generation at the crystal must also be suppressed.
The
second harmonic crystal output is, next to the fundamental, the strongest
component and therefore the most likely to produce erratic AFC operation if measures are not taken to suppress it. The ratio
Second harmonic crystal output voltage
Fundamental crystal output voltage
is called the “harmonic ratio, ” and the figure is an important criterion in
the mixer power adjustments.
The harmonic ratio is a function of both
LO power at the mixer and the transmitter power reaching the crystal
through the AFC attenuator (transmitter sample).
Experiments have been made at 10,000 and 30,000 Me/see to determine what total power should be applied to the mixer during the pulse
(see Vol. 16, Sec. 7.6).
It was found that the harmonic ratio generally
increases but slowly with total power in the range from 1 to 2 mw, where
partial saturation occurs in the crystal.
This slow rate of change with
power provides only a slight improvement, that is, decrease, in the ratio
as power is decreased below the l-row level, whereas interfering leakage
power soon becomes intolerable.
Accordingly, operation at the 1- to
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2-rowlevel gives about the best harmonic ratio obtainable with sufficient
reduction of leakage interference.
With these values of input power, the crystal is essentially a linear
detector. Then, tithe transmitter sample and LOcontribution areequal,
the harmonic production will be greater than if the two inputs are
unequal.’ Since the interfering effect produced by a given amount of
leakage power decreases as the transmitter sample is increased, this
However,
input power is made the larger fraction of the total power.
the difference-frequency output with linear detection is largely independent of the amplitude of the stronger input signal and is nearly proportional to the strength of the weaker signal;’ consequently the LO
power contribution must not be reduced too far.
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FIG.3 19.—Circuitof peak-readingvoltmeter.

A factor of 3 difference in the two power inputs produces in the radar
AFC mixer a harmonic ratio of – 20 db without too severe a loss in i-f
signal output, and this power ratio is commonly used in the AFC mixer.
Thus the sample power is set at about 1.5 mw; the LO contribution at
~ mw; and with this arrangement harmonic locking seldom occurs.
Since the crystal current produced by the transmitter pulses has a
very low average value, it is convenient to have a peak-reading device
for measuring it. A circuit that has’ been found very useful is shown in
Fig. 3.19. It consists of a video amplifier with a cathode-follower output
to provide low impedance, followed by a diode peak voltmeter and d-c
amplifier. It maybe calibrated by the use of a source of pulses of known
size or by attenuating a pulse large enough to measure on an oscilloscope.
An r-f probe and crystal may be connected to the input by a length of
cable for use in detecting leakage of transmitter power at j oints, etc.
One source of leakage into the AFC mixer is minimized by using tight
joints in the AFC attenuator line connections.
Another source of annoying leakage is the coupling between the signal and AFC mixers. Since
1F, E, Terman. Radio Engineering, McGraw-Hill, NTewYork, 1937,pp. 44S-449.
2Ibid,

48

AFC SYSTEMS

AND

CIRCUITS

[SEC.39

these are supplied with power by a common oscillator, there is definite
coupling between them. The plateau portion of the transmitter pulse
power leaking into the signal mixer is of the order of 20 mw; therefore
the cross attenuation between signal mixer and AFC mixer would have
to be at least 19 db in order to reduce leakage power at the AFC mixer
to” less than ~ mw, which is about the maximum that may be tolerated.
Power in the TR-tube spike at the signal mixer is much greater than 20
mw, and cross attenuation of the order of 30 db is needed to avoid harmful
spike feedover.
Magic-Z’ Mizer.—The
magic-T mixer (Chap. 2) provides further
improvements in AFC mixer operation.
The LO and transmitter sample
channels are connected to operate two crystals in push-pull.
As a result
of push-pull operation even-order harmonics generated by the crystals are
canceled in the i-f output circuit, reducing the problem relating to a high
harmonic ratio encountered in double-mixer AFC.
Only harmonics
present in the briginal r-f signals remain.
Customarily two magic T ‘S
are used, with two push-pull crystals for the AFC channel and two for
the signal channel.
All four crystals are fed by one local oscillator.
Another advantage of the magic T is that the cross attenuation between
signal and AFC mixers obtainable with this mixer assembly is greater
than that found in simple double-mixer systems.
Because of the higher cross attenuation and because possible contributions of LO noise to the receiver output are ,balanced out, tighter coupling
between the local oscillator and t’he mixers is allowable.
Proper mixer
design prevents the effect of Fig. 3.18. Therefore even a low-powered
oscillator is ample to provide ~ mw to each of the four crystals.
3.9. I-f Amplifiers and Discriminators.-The
discriminator circuits
used in radar AFC are identical with those already described in Sees.
3.2 and 3.4. With double-mixer AFC, however, an i-f amplifier must
also be provided.
The peak-to-peak separatio~ of the discriminator is usually made
equal to or slightly less than the main i-f amplifier bandwidth.
Since
there is some production, variation in the maximum response f requency of
various i-f amplifiers and in the crossover frequency (see Fig. 3.2) of
the discriminator, due to manufacturing variations in the tuning coils and
condensers, provision is usually made for the ready shifting of the crossover point over a small interval corresponding to the anticipated maximum departures from design-center values.
For instance, in a typical
set using a 60-Mc/sec amplifier, the crossover may be shifted + 2 Me/see
to compensate for tuning variations of ~ 1 Me/see in the main i-f amplifier
The crossover control may be
and t 0.5 Me/see in the crossover.
adj hsted in operation with the local oscillator locked in by AFC for maximum signal output.
The crossover control may be either a variable
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condenser or a slug-tuned coil in the resonant-circuit network of the
discriminator. In Fig. 3.3, showing the Foster-Seeley discriminator,
C, is commonly made variable for crossover control in radar AFC.
In
Fig. 3.13, LZ is made slug-tunable for the same purpose.
Care should be taken to preserve the symmetry of the discriminator
characteristic. If the discriminator curve is asymmetrical, zero output
is not prbduced at crossover but at some other frequency.
Since dependable operation of the discriminator may be seriously impaired by such a
shift of the zero-output point, asymmetry should be avoided.
Furthermore, the injurious effects of a pulse with a poor lopsided spectrum may be
aggravated.
With approximately 1.5 mw of transmitter sample power and 0.5
mw of LO power at the crystal, the i-f output lies between 0.25 and 0.5
volt rms. This voltage is maintained at a nearly constant level in operation, since only small variations occur in the transmitter pulse and these
variations are reduced by the action of the crystal, as is explained in
Sec. 3.6. Accordingly, from one to three i-f stages, depending on the
bandwidth, will be needed ahead of the discriminator.
Since the i-f
stages are in cascade with the discriminator, the i-f bandwidth must be at
least large enough so that the over-all peak-to-peak separation is not
decreased from the value determined by the main amplifier requirements.
the discriminator
In other words, the i-f amplifier must not “bottleneck”
bandwidth. In practice, the i-f bandwidth may be made considerably
greater than the peak-to-peak separation in order that discriminator
symmetry be unaffected when the crossover is shifted in tune-up operations. As an example, in one system where the pulse length is 0.5 ~sec
and discriminateor bandwidth is 3 Me/see, the i-f amplifier in cascade
The amplifier pass band
is 6 Me/see in width, to the half-power points.
under these conditions is essentially flat in the frequency range covered
by the discriminator and thus does not cut down on the amplitude of
either peak when the crossover is changed.
For 1-or 2-psec pulse lengths, one amplifier stage is sufficient.
AS the
pulse length used decreases, bandwidth must be increased in proportion,
and additional stages to give the requisite gain are needed.
Two stages
are customarily used with & to l-~sec pulses, three or more with shorter
pulse lengths.
The output voltage level at the discriminator should be at least 1
volt and preferably larger with diode detectors, since hum and pickup
levels in the diode outputs may be about ~ volt.
Discriminator output may consist of video pulses, or the output
time constants may be large enough to produce an essentially d-c voltage.
The ratio of this peak-pulse or d-c voltage output to the rms i-f voltage
at the mixer output is indicative of gain for the amplifier-discriminator
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system.
When the input frequency is at either of the discriminator peak
The ratio at these maximum response
frequencies, the gain is maximum.
points is commonly referred to as the gain of the amplifier-discriminator
system.
Thk figure usually lies in the range between 5 and 20, where
diode discriminator detectors are used. Plate, or anode-bend, detectors
.With
may also be used, as well as infinite-impedance cathode detectors.
plate detection, extra gain is obtained and the gain figure is correspondingly greater.
Some extra gain in the i-f amplifier may be realized in the coupling
network between the crystal and the first grid by use of a double-tuned
circuit with loading only on the mixer side. This gain bet ween converter
and first grid is very important in the signal channel, where sensitivity
is increased by the use of such a circuit (Sec. 4.9).
However, along with
the large gain is an increased likelihood of bandpass asymmetry due to
Since symmetry is of
crystal and grid-to-ground impedance variation.
especial importance in the over-all discriminator characteristic, the
coupling circuit for the AFC channel may be loaded by a resistor on the
secondary side to obtain a symmetrical pass band reasonably independent
of impedance variations.
Loads permitting a voltage gain from crystal
to grid of about 1.5 with coupling-circuit bandwidths in the range of 10
to 15 Me/see are usually satisfactory in preserving symmetry.
However, single-tuned coupling circuits are often used for simplicity.
The i-f amplifier in the AFC chain is a convenient unit for the application of various switching operations.
For example, the AFC may be
turned on or off by switching B + voltage for the i-f amplifiers.
3.10. General Properties of Control Circuits for Pulsed Systems.—
The control circuit, which is the final link in the AFC chain, has the function of converting the error voltage from the discriminator into an LOfrequency correction.
Four distinct circuit types for accomplishing this
purpose have been used in radar AFC, the principal differences among
them being due to (1) variation in the method of obtaining the correct
average reflector voltage and (2) variation in the characteristics of the
LO-tuning mechanism.
Follow Rates.—In the case of electronic control (for example, reflector
control or reactance-tube control), the response of the oscillator to
Provision
changes in the control voltage is essentially instantaneous.
must therefore be made to hold the control voltage reasonably constant
during the interval between transmitter pulses when no error signal is
available.
A condenser that limits the excursions between successive
pulses to a fraction of the receiver bandwidth is generally used for this
purpose.
There is therefore a limit on the follow rate, or speed with
which the oscillator can follow a frequency disturbance.
An AFC system is an example of a feedback or servomechanism, as
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The rate at which any such device
has been mentioned previously.
may be made to follow the input information is limited by considerations
of stability. 1 In this particular case one such limit is apparent: the
AFC system must not change the operating frequency by an amount as
greatas the bandwidth of the receiver in the interval between transmitted
pulses. In general, the speed of operation cannot be made great enough
so that frequency correction is possible within the length of a single pulse.
In the case of electromechanical (motor-driven) systems, mechanical
speeds and inertia are the limiting factors, although by the generous usc
of power and amplification they may be overcome to any desired degree
within the limits set by stability considerations.
Finally, in the case of thermally tuned oscillators, the thermal time
constant of the tuning assembly usually provides the limit, although in
cases of narrow-band pulsed systems with low repetition rates additional
restrictions on the follow rate may have to be provided by the control
circuit.
When the radar transmitter pulls, that is, changes its frequency due
to changes in the standing-wave ratio during the antenna scan, the frequency change during one pulse is negligible.
The variation over a few
repetition cycles may be equal to or larger than receiver bandwidth,
however, and it is this variation
which’requires fast following compensation. During pulling, ‘ the %
discriminator input consists of a
seriesof i-f pulses, the frequency of s
consecutive pulses varying in steps
~’h
proportional to the pulling rate.
-70 -90 -110 -130 -150 -170
Reflector voltage
The circuits must be such as to use
FIG. 3,20.—LO reflector-voltagemodes–
this type of information for the
note,mechanicaltuningiafixed.
generation of the control voltage.
Control Range.—A design consideration
of importance in circuits
controlling reflector voltage at the local oscillator is the voltage range
over which control is needed.
An idea of the problem involved may be
obtained by considering the characteristics of one of the reflex local oscillators frequently used. Figure 3.20 shows a typical curve of power output vs. reflector voltage for the 723A/B tube.
The three regions of power output are the LO modes (see Chap. 2).
Radar operation is confined to one of these modes, usually the one at the
most negative reflector voltage, since this generally provides the highest
1See,for example,H. W. Bode, Network Analysis and Feedback A mpli$er Design,
Vaa Nostrand,N’ewYork, 1945; L. A. MacColl, Fundamental Theory of Semomechani.nna,Van Nostrand, New York, 1945; Vol. 25, Chap. 10, Radiation Laboratory
Series.
,.
.
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power output.
The mode positions (measured by the voltage at peak
output) are not the same in different tubes.
Manufacturing variations
at present are such that the band center of mode A varies in position
between – 147 and – 185 volts in a representative sampling of tubes.’
The maximum voltage difference between the half-power points in this
mode is about 22 volts.
Since AFC is normally designed to operate out
to the half-power points, it is apparent that the voltage range, from – 136
to – 196, required for the AFC to operate with any 723A/B at this particular mechanical frequency setting is 60 volts.
For operation at other
frequencies within the transmitter scatter band, mechanical tuning and
reflector voltage must both be varied, since the electronic tuning range is
small. This adds another 30 volts to the 60 for a typical 10,000-Mc/sec
band.
This total voltage requirement will, for present purposes, be called
In Fig. 3“20, V, is the reflector-voltage range over
the “mode range.”
which a specific local oscillator operates at one mechanical setting.
It is
obviously much smaller than the mode range.
Wrong-sideband
Operation. —Another factor in the reflector-control
The correct
circuit design is the elimination of wrong-m”deband locking.
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FIG.3.21.—Illustrationof wrong-sideband
effect.
difference frequency to which the main receiver channel is tuned may be
obtained at two settings of the local oscillator, one below and one above
the transmitter frequency.
The usual AFC system will operate correctly
at only one of these two settings.
Thus in Fig. 3.21 discriminator output
is plotted as a function of LO frequency over a range including the transmitter frequency.
The LO tuning curve is shown in dashed lines at the
two crossover points (see Sec. 3.2 and Fig. 3.6).
Correct AFC action has this important characteristic: when LO frequency is changed, the voltage change in discriminator output must be
variation.
This characteristic
such as to oppose the LO-frequency
requires that the slope of the discriminator curve, at and adjacent to
crossover, must be opposite in sign to the tuning-curve slope. At A
1D. N. Sands and F. S. Bailey, “Characteristics of Recent 723A/B Tubes,”
RL Report No. 570, May 18, 1944.
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this is true, and correct locking is obtained.
At B the slopes have the
~me sign; that is, both are negative, and the local oscillator is for~d
At the extremes of the B dkcriminator curve, howaway from point B.
ever, the slope signs are opposite, and the local oscillator will thus lock
outde the discriminator peak-to-peak interval at C or D, with the result
that the receiver is mistuned even though the local oscillator is locked.
Some individual oscillator tubes have such a broad electronic tuning
range that output is available over a frequency interval greater than
That is, with one setting of mechanitwice the intermediate frequency.
cal tuning the oscillator may be electronically tuned either at A or B
(Fig. 3.21) with different reflector voltages V, and v,.
The voltage swing (V9 – VI) required to cover this wide range is
generally no larger than that required to tune an average tube over its
range, since the broad tuning range is always accompanied by a high
value of electronic tuning coefficient (megacycles per volt).
Since the
control circuit must have adequate range to operate with all tubes, it is
difficult and in some cases impossible to exclude VZ or VI from the
operating range.
Furthermore, even with tubes having a narrow electronic tuning
range, wrong-sideband locking may occur either through fault y adjustment of the mechanical tuning or through frequency drifts.
The latter
may be so large that a tube which locks on the right sideband when the
set is tuned up (cover removed, room temperature ambient) may drift
and lock on the wrong sideband during actual operation (cover in place,
high ambient temperature).
Usually, however, it is necessary only to tune at the correct point
(A, in the figure) to start with. Then the local oscillator ceases oscillation at some point between A and B; there is no output at the wrongsideband region; and locking cannot occur at C or D.
TYPES OF CONTROL CIRCUITS
The four control circuit types are listed below, in the order in which
they will be discussed.
In each case, the name customarily applied to
the AFC system making use of the circuit is given.
1. D-c amplifier AFC.
The discriminator output is integrated over a
number of puises, producing a slowly varying d-c voltage.
This
voltage is amplified and applied to the LO reflector in the proper
polarity for frequent y correction.
2. Gas-tube AFC.
Two gas-filled tubes are used in connection with
a resistor-condenser network to produce the appropriate voltage
at the reflector.
One of the stages provides control during locking.
The other tube, with the associated circuit, is essentially a resetting
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device, especially useful where the AFC must function unattended
for long periods of time.
AFC.
This circuit also provides both the
3. Diode-phantastron
locking and resetting functions, the action being obtained with two
high-vacuum tubes and associated network.
4. Thermal AFC.
This is the most complex of the four control-circuit
types and is commonly employed for the 2K45 and 2K50 local
oscillators, used respective y at 10,000 and 25,000 Me/see.
These
are both thermally tuned tubes (see Chap. 2).
3.11. Direct-current AmplMer AFC.—Systems of this type operating
on the received signal were discussed in Sees. 3.2 and 3“4, and the pull-in
and hold-in ranges were defined for the
general discriminator
and tuning
curves.
A diagram of circuit connections for a simple d-c amplifier system
was shown in Fig. 3.10. For pulsed
radar operation, one of. the pulseintegrating discriminators discussed in
Sec. 3.4 is added.
The d-c amplifier should provide
sufficient gain so that close control
may be obtained.
When the amplifier
is adde,d in cascade with the discriminator, the ordinates of the discriminator output curve shown in Fig. 3.2
g 100%
me multiplied by the amplifier gain
2
~
factor.
The d-c amplifier system is a
34klc[sec
g 50%
proportional
control, in which the cor!?
.=
rection voltage output is proportional
2
o%e
to the error signal in the region between
40
50
60
70
80
discriminator peak frequencies.
Intermediate frequency h Me/seeL
FIG.3.22.—Operating
curvefor X-band
Representative curves, analogous
AFC.
to those in Fig. 3.6a, for a system at
X-band using a 723A/B local oscillator, are shown in Fig. 3.22a.
Figure
3 .22b shows LO output on the same frequency scale, where the mechanical
tuning is set to give peak output when the intermediate frequency is at
crossover (60 Me/see).
The design parameters taken from these curves are the discrimination
slope, D = 20 volts per Me/see, and the tuning coefficient, TO = 2 Me/see
per volt.
The feedback or error-reduction factor is then
1+

1
1
ToD=1+40=Z

(see Fig. 3.6 and text, Sec. 3.2).
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AFC

If, after this particular AFC is set up, temperature changes occur such
that the LO frequency would be shifted 10 Me/see away from the correct
value in the absence of AFC, the circuit will correct or bring back the
oscillation frequency to a point where the intermediate frequency is
~ or roughly ~ Me/see from crossover.
The net effect of drift in either transmitter tuning or LO uncorrected
trmiw is equivalent to a mechanical tuning change at the local oscillator.
Thus, as the mechanical tuning is displaced from the design-center value
corresponding to 60 Me/see in the figure, the intermediate frequency,
controlled by AFC, will remain close to 60 Me/see until the end of the
hold-in range is reached.
To
reflector
From plate of
last if amplifier

I
470

I

r

‘-

‘,:;.
FIG.3.23.—AFCsystemusingd-c amplifier.
There is a decrease in loop gain during this process, since LO output
goes down as the mechanical tuning is changed from the peak power point.
The result is a smaller i-f pulse produced at the mixer, and the end effect
is a contraction of the AFC output ordinates in Fig. 3.22a.
A slightly
smaller hold-in range than would be predicted by inspection of the curves
(assuming the tuning curve extends for a sufficiently large distance in
both dh-ections) results. The actual hold-in range achieved is somewhat
greater than the frequency interval between half-power points in the LO
output curve, or 34 Me/see in the present example.
The pull-in range is
much smaller, however, being about 10 Me/see.
A dependable wide-range d-c amplifier AFC systeml is shown in Fig.
3’23. The circuit has several interesting features.
The dkcriminator
circuit is similar to the one shown in Fig. 3.13, but anode-bend detectors
are used in place of the diodes.
Since the output voltages from both
detectors are negative, it is necessary to reverse the polarity of one of
them to provide the proper output characteristic.
The output from
10ne exampleof the use of this circuit was in an airborneradar set buiIt by the
BellTelephoneLaboratories.
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the upper detector Vla is directly coupled to the d-c amplifier Vza. Output from the lower detector Vlb, however, is cathode-coupled into V2.
Xegative output from Vla produces
~2b.
through the cathode-follower
positive output at the plate of VZ.. N“egative output from vzb produces
a negative signal at the cathodes of V2a and ~zb, which is equivalent to a
By
positive signal at the grid of Vz.. Plate output is therefore negative.
including a plate-load resistor in the cathode-f ollo~ver circuit, the system
is made symmetrical and degenerative for changes in supply voltage.
Most of the pulse integration is performed in the detector plate cirIf a large i-f signal appears at the detector grid, its plate resistance
cuits.
is lowered and may become as low as 5000 ohms to provide for the quick
discharge of the 6800-Ypf plate condensers.
When the signal is removed,
however, the plate resistance is very high, and the condensers recharge
through the 4.7-megohm plate-load resistors. The time constant RC is
3.2 X 10-2 sec. N’ow the lowest PRF used in the system is about 400
cps, so that the longest interpulse inter~ral is 2.5 X 10–2 sec. Therefore,
only about half the charge is lost between pulses.
The sawtoothed ripple voltage at the plate of VZathat results from this
alternating discharging and charging process is removed by the low-pass
filter formed by the 1.8-megohm plate-load resistor and the ~-pf condenser
across the reflector.
A’ote that this filter causes a great reduction in the
rate at which the system can follow frequency
Discriminator
disturbances.
outputapplled
v,
here
The circuit is very dependable in performVldeo
ante,
although
its pull-in range is small.
Its
amplifier
operating range is set for the particular oscillator tube by adjustment of the O.l-megohm
V2
range set control potentiometer in the amplifier
~
Search B
Search
plate circuit.
stopper or
tube
controltube
3.12. Gas-tube
Control Circuits.—The
s
block diagram of Fig. 3.24 illustrates the action
Toreflector
FIG.3.24,—Blockdiagramof of a typical gas-tube control circuit.
gas-tubeAFC.
The search tube is a sawtooth generator
much like the X-axis sweep generator used in cathode-ray oscilloscopes.
The ‘sawtooth-wave period is from 0.1 to 1 see, and the voltage s~veep is
more-than enough to cover the range between the half-power points in the
LO output.
In operation, the mechanical tuning is set at the desired frequency—at an interval equal to the amplifier intermediate frequency,
above or below transmitter frequency, depending on which one gives
“ right-sideband”
action (see Sec. 3.10) l—and the sawtooth sweep is
1In microwavereceivers,the r-f componentsareusually such that it is immaterial
which sidebandis chosen, so that a more or less arbitrarychoice must be made in the
initial design,
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centered at the reflector-voltage value corresponding-to
maximum LO
output.
If V, is not operating, the search alone may be considered, and the
situation is as shown in Fig. 3“25.
In the center region of the sweep, the beat frequency passes through
the discriminator region, and the output pulse envelope follows the discriminator curve. The output pulses are inverted by the single-stage
video amplifier.
The function of the search stopper is to interrupt the sweep by injecting a negative pulse at B in Fig. 3“24. This pulse is initiated, as will be
seen, by the positive triggers that
appear at the output of the dis~
,crirninator after the crossover fre:=
t~~ L?f~eq~~~yd
ba~~
$$ t
through crossover momentarily
~
until the circuit at B begins to
s
recover from the injected pulse, at
~
which time the frequency again
‘~
starts through crossover in the :
z%
original direction of the sweep.
As soon as the critical point past
g;{l~+
crossover is again reached, another
puke is injected and the cycle
= ~
$W
GM
continues in this fashion.
“c—
Thus LO frequency swings
Z~
IllIlk
7[ l“,1 11!
1111
p
between two extremes, or hunts,
~ ~ 11
during AFC locking, in contrast
Z 2
FIG.3.25.—Waveformsin searchfunctionof
to the proportional control case
gas-tubeAFC.
where the whole AFC chain and
LO frequency are at stable equilibrium during locking.
The schematic diagram in Fig. 3.26 shows the details in the gas-tube
circuit. The notation used in the following circuit analysis is as f ollows:
~, is time average for VF under equilibrium conditions.
( ~F)_ is maxi(V,)and (V.)ti
mum average v,.
(~~)ti is minimum average VF.
are the end points of the mode range.
VI is a video, or pulse, amplifier;
V%is the search stopper, a gas-filled tetrode, in which firing is nearly
independent of plate voltage (the 2050 and miniature 2D21 are examples
of the type); Vs is a gas-triode, usually an 884 or a 6D4.
The following
relations should hold: RoCo >> RIC1; CO>> (71; Ro/Rl = i to 3. Typical
values are RI = 1 megohm, R. = 1 megohm, Co = 1 yf, and Cl = 0,005 pf.
The sweep action of Vs requires no detailed explanation.
The sweep
speed is determined by (RO + RI) Co and EI — Ez, approximately.
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S\veep voltage s!ving is a function of control-grid bias. If there is no
discriminator pulse outpl~t (for example, if the transmitter is not on), the
sweep action is unimpeded and reflector voltage VE passes through a
However, as
range including the value required for correct L() tuning.
soon as the transmitter is turned on and the resulting discriminator output pulses are applied through the video amplifier to the control grid of
J’,, plate voltage at Vj ne~-er reaches its firing potential because V~ fires
first. That occurs, as sho~rn in Fig. 325, somewhere near the middle of
the sweep, just past the reflect or \’oltage corresponding to crossover.
The system gain is such that the pulse amplitude at a very small
frequency interval from crossover
B+(E,)
To
is large enough to fire VZ. Condenser C, discharges through the
arc in Vt \vhen it fires, and V~
drops rapidly
toward cathode
At a level about 15
potential.
volts above the cathode, the arc
o
extinguishes.
This plate surge
d>
dov,mward takes place in about
1 to 5 Psec. After the arc has gone
out, VF rises as Cl is charged up
B- (EzJ again. The time constants are
FIG.3.26.—Cirruitdiagramof gas-tubeAFC.
arranged
so that Cl charges
rapidly, the time constant being of the order of RICI sec. During the
process, the voltage across Co changes, but only by a very slight amount,
since R~C~ is so much larger than RICl, or, in other words,” the RoCOnet\vork acts as a filter against the trigger pulse at the plate of Vz. In operation, the voltage change across COis of the order of&of
the Vz plate swing.
As soon as Vz fires, the current in Ro reverses, since V, is no longer
above V. but below it. Accordingly CO discharges toward the negative
voltage at the plate of Vz.
After the Vz arc goes out, however, at some time during the subsequent charging of Cl in the positive direction, the voltages VF and Vz
are equal, and thereafter V~ is more positive than VR. At this instant
Co ceases to discharge and thereafter proceeds to charge positively.
It is
apparent thatie
reflector voltage starts down immediately when Vz
fires, reaches a minimum value some time later, then drifts back in the
positive direction.
As soon as a sufficiently positive voltage is reached,
another pulse fires Vz and the action is repeated.
Under locking conditions, VR is a d-c voltage with a small “ ripple” component superimposed
on it. The corresponding LO frequency riFple must be small compared
with receiver bandwidth.
The action is illustrated by the waveforms
shown in Fig. 3.27a.
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The only d-c connection to the reflector is the resistor R,, which leads
to the plate of V2. Therefore, at equilibrium the d-c voltage on the
reflector will equal the average voltage ~~ at the plate of V2 as shown in
Fig. 3.27a.
If the transmitter frequency shifts so that a more negative reflector
voltage is required to produce the correct difference frequency, ~p must
decrease. This decrease is brought about automatically by more rapid

.-z
=

,

ga
as 1{1,,111 ll,,,llllQ,llll,llwll
(JO

llllll
Time—

(b)
~
F]Q.3.27.—Search
and lockingwaveforms—gas-tube
AFC. {a) Initiallocking; (b) shift
of frequencyto followtransmittershift.

firing of the control tube Vz (refer to Figs. 3.27 b). ~F, is the original
value of ~~ and ~~2 is the value after the transmitter frequency shift.
When the control tube is fired at more frequent intervals, C, collects
less charge per interval, and the peak and average values of Vr decrease.
principle”)
of the
This is an example of firing-r-ate control (“frequency
average reflector level, in contrast to the proportional control (” amplitude
principle”) of the d-c amplifier AFC.
A more detailed examination of the search-stopping or trigger pulse
is of advantage here. The Cl charging curve is of the f orm

60

AFC SYSTEMS

AND

CIRCUITS

[SEC.3.12

——
V, = E’ (1 – e ~:c’),
where I? and E’ are the effective charging resistance and voltage respectively in the circuit.
(VR is assumed to be constant, since its change is
negligible compared with that of V,. ) The average value of VF for a
given firing rate of Vz may be obtained by suitable manipulation of this
expression. 1 The result is shown in Fig. 3.28. The abscissa is T, the
time allowed for Cl to charge (interval between successive firings of V,).
It is evident that ~~ increases rapidly with 2’ at first; but as the firing
interval becomes larger, that is, as the firing rate for Vz decreases, the
slope decreases. Accordingly at trigger-pulse intervals large with respect
to R’C*, an increase in V, is obtained at the expense of an inordinately
large increase in T and hence in the length of the injected pulse at B.
Since R, and C, forma low-pass filter,
1.2
they will not be so effective in reduc/
Final asymptote
ing ripple with the longer pulse length.
1.0
The advantage
of choosing an
operating range as near as possible to
the origin of the curve of Fig. 3.28, in
~
the linear region, is evident.
As E’ is
increased, the linear portion extends
over a larger voltage interval, so that
0.4
with a given mode range to be covered
it is desirable to have a value for E’
0.2
considerably
larger than the mode
range. A larger E’ may be obtained
00
2
4
6
8
10
by an increase in El or a decrease in
~
R’C,
E,. Accordingly the voltage differl?~G. 3.2S.—Average V.n vs. firing ence between B+ and B– should be
interval.
large compared to the mode range.
It is also important to have a relation between R’C, and the sy~tem
pulse-repetition period that will provide operation in the linear region of
the curve.
In practice, this amounts to picking Cl so that when Vp. is
at the center of the mode range, Vz fires on every third or fourth system
pulse. When Vz fires on the average at nearly every system pulse,
(V~)~ti is attained; and when Vz fires on about every eighth to tenth pulse
The (V,)m,m case is not carried to the extreme of
(v.) -. is attained.
firing exactly at every system pulse, however, because of follow-rate
considerations.
The follow rate required depends on the transmitter pulling rate,
per sec. For pulse-repetition
which is ordinarily less than 300 hlc/sec
1An exact theory for the calculation of this and other important quantities is
found in Vol. 16, Sec. 7.11, Radiation Laboratory Series.
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frequencies greater than 300 CPS,the frequency shift between successi~’e
pulses will therefore not exceed 1 Me/see.
The region over which a discriminator gives useful output is somewhat greater than the peak-topeak separation. Thus if a discriminator has a spacing of 2 Me/see
between peaks, the maximum frequency shift between successive pulses
will not carry the system out of the operating range of the discriminator,
and the limitation on performance must be sought in other parts of the
circuit.
The designer is interested only in the case of the maximum pulling
rate, since if the AFC will follow this, it will follow slower changes.
Under maximum pulling conditions, there are two possible cases to consider, depending on the direction of transmitter frequency shift.
In
one direction, the i-f departure from crossover is such as to produce
negative pulses at the control-tube grid; in the other, consecutive positive
pulses are applied.
In the one case, the control tube stops firing; in
the other, it fires at every pulse. If the control tube is not firing, V. rises
exactly as in the search sweep. The current in R, and RI is

Thk current is the rate of change of charge in CO (Cl is neglected, since
C,<< CO),and the charge q = C, V..
Then

(-) -

1 dq

dvfi
c/t

+

The plus sign denotes the
On the other hand, if the
~, average is obtained.
above, the rate of change

=

Co

~

El –
=

(Rl

+

VR

RJC,”

rate for V~ changing in the positive direction.
control tube is firing at each pulse, the lowest
This is ( ~F) ~,.1 and by the same reasoning as
for V~ is

(---)

d v,,
_ v.
dt -–

– (vF)min.
h’,co

The minus sign indicates that the voltage following rate is in the negative
direction. Multiplying these voltage change rates by the electronic
tuning coefficient To gives the frequency follow rates obtainable in the
AFC system.
TOvaries among the different tube types and also with different tubes
of the same type.
The lowest f ollow rates occur when To has its smallest
value. This value will be denoted by ( To)ti.
Since V, may be anywhere in the mode range, it is evident that not
only are the positive and negative rates usually unequal but also each
I Strictly speaking, (VF)ti is not a constant. The effect of VE on (VF)ti
secondaryand can usually be neglected. See Vol. 16, 10C.m“t,

however,,

is,
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rate varies considerably over the range. It is also apparent that if C,
is adjusted to have (V~)ti equal to (VE)~~ when the control tube fires
at every pulse, the negative voltage follotving rate at ( V~)mm\villbe zero.
Accordingly Cl is adjusted to provide sufficient margin bet}veen (V,)and (VR)mh so that adequate following may be obtained at this end of
the control range.
RO and C, form a filter effective in reducing ripple amplitude.
If
R,CO may not be reduced beyond
RK70 is made smaller, ripple increases.
a certain point for improvement of the follow rate (increasing it) without
allowing excessive ripple. An appreciable improvement in follow rate
with only a very slight increase in ripple is obtained, however, by using a
higher negative voltage for Ej, making possible a more negative value for
(VF)tim. With present equipments, an adequate follow rate with reasonIf closer control or faster
ably low ripple is obtained with —250 volts.
following is required, a relatively cheap method for obtaining them is to
use —300 volts.
The simple circuit of Fig. 3.26 must sweep over a very ~vide range to
The spread of mode position
be able to accommodate all oscillators.
from tube to tube is so great that, referring to Fig. 3.20, mode B for one
local oscillator may occur at the same voltage as mode A for another tube,
Now it may be desirable to exclude the possibility of locking in mode B,
which, in certain tube types, generates more excess noise than mode A.
To accomplish this, the voltage sweep at the reflector must be reduced to
a value not much greater than the mode width for a particular tube
Then, a range-set control must be provided to center this
(25 to 40 volts).
swept range at the mode center for the particular tube.
One arrangement is to install in the cathode circuit of Vt (Fig. 326)
a potentiometer that allows the cathode voltage to be set anywhere in
a 50-volt range. Since the searching sweep at Vs is limited to 30 to 50
volts, the voltage range covered by the sweep and range set combined is
80 to 100 volts.
A disadvantage is that in the field the sweep must be
Another method that overadjusted independently of manual tuning.
comes this disadvantage is incorporated into the receiver described in
Chap. 13.
If there is a long lead from the AFC output to the reflector, there may
be excessive video pickup.
This pickup is cut down by using an RC filter
right at the reflector, that is, a series resistance in the lead and a bypass
condenser from reflector to ground.
The time constant RC must be
approximately ~ of the system pulse-repetition period in order not to
affect AFC following.
The most serious effect of video pulse pickup at the reflector arises
because the reflector voltage may deviate regularly from its interpulse
value just at the time when a sample of the LO frequency is being used
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Thus the AFC will hold this momentary
to operate the AFC circuits
value of the oscillator frequency at the desired point, whereas the interpulse frequency may be far from correct.
In designing the gas-tube circuit the practical approach is to use values
giving sufficient range and follow rate and then to measure the ripple.
Although an expression for ripple voltage as a function of the circuit
parameters has been obtained, 1 it is inconvenient to use, whereas the
ripple amplitude is easily measured on a cathode-ray oscilloscope.
Experimental observations as ~vellas calculations based on Rochester’s
theory have led to a rough working rule that gives the relation between
ripple and follow rate. The accuracy is ample for most design purposes.
The rule is applicable when normal values of the parameters are used,
that is, ~vhen 2R0 > RI > Ro/2 (Fig. 3.26) and when Cl is chosen so
that midrange voltage will be maintained with every third transmitter
pulse firing the search stopper Vz. The rule is as follows: The maximum
ripple occurs when the search stopper is fired by about every tenth pulse
or less. Its peak-to-peak voltage is twice the maximum amount of downpull Yoltage between successive pulses, ~vhich occurs when the reflector
voltage is at the top of its range and conditions are such that the search
stopper fires at each transmitter pulse.
The design considerations may be briefly stated: RI must be large
enough to assure extinguishing of Vz. With 2D21’s and 2050’s, 1
R1 should not be much larger
megohm is about the lowest safe value.
or the positive follow rate is unnecessarily reduced.
The difference
bet~veen E, and h’, should be large for adequate follow rate and 101vripple.
C, is set to provide firing at every third or fourth system pulse when
V. is at the mode-range center. Wlen Vz fires at every pulse, ( v~)~,m
must be appreciably lower than (VE)~ti. The difference between these
two may sometimes be as much as 40 volts.
and (vR)minj
it k easily
determined
lt’ith given E,, (~~)m, (VR)-,,
Ivhere the lowest follow rate ~vill occur [either at (VH)~~ or (VR)mjJ.
The time constant ItoCO may be obtained by setting this lowest voltage
follow rate times ( Z’O)~ti equal to the maximum expected pulling rate.
It is unfortunate that large variations occur in the follow rate. Since
impro~’ements in ripple and follow-rate performance are directly opposed,
that is, improving one means impairing the other, a loss is taken in ripple
performance over most of the range ~vhen the lowest follow rate is set
equal to the maximum pulling rate.
Under these conditions the frequency ripple when reflector voltage
is held at (1’~)~= should be small with respect to receiver bandwidth.
If the ripple is excessive, some compromise must be made, either in voltI N-. Rochester, Sylvania Electric Prodllcts (’o., Boston, hfass. This theory is
developedin t-o]. 16, Sec. 7.12, Radiation Laboratory Series.
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This situation may be improved in
age range, ripple, or follow rate.
the future by reduction in the variations in mode range, firing potential,
etc., from tube to tube.
Considerable detail has been included in the gas-tube AFC section in
an effort to show the nature of the AFC problem for fast pulling radars.
Where low pulling rates are expected the design problem is-simpl~. R,C,
is simply made large enough to reduce ripple to negligible values.
A low or negligible pulling rate also makes it possible to fire the control
tube at very low frequencies, on the order of power frequencies.
This
is a distinct advantage with beacon AFC, an absolute-frequency-control
method taken up later in this chapter (Sec. 3. 16).
The search sweep, which provides the recycling or resetting function,
is often extremely useful.
It provides a pull-in range equal to the hold-in
range. Therefore, if input AFC signals are interrupted momentarily,
the AFC will lock on again when signals return.
3.13. Hard-tube Control Circuits.-At
the Radiation Laboratory, the
first use of high-vacuum tubes’ in the control circuit was made by StrandThe problem at hand was to provide a hunting sweep time in
berg.’
excess of 1 rein, as required by the A-5022A thermally tuned oscillator,
and the use of an “amplified capacity” (see later, this section), possible
Later, the difficulties associated
with hard tubes, seemed desirable.
with the variable firing potential of the gas triode led to the development
of another circuit, also using hard tubes, in which tube variability was
overcome through the use of feedback.
The original Strandberg circuit is probably of historical interest only,
It utilized
since the new one performs the same functions more simply.
a gas-tetrode search-stopping tube in a circuit identical with the one of
Fig. 3.26 except that the resistor Ho, instead of being attached to V,,
One can
oscillator.
was attached to the control grid of a phantaskon
thus think of Strandberg’s circuit as a transition between the all-gastube circuit and the all-hard-tube circuit, since it uses the search-stopping
principle of the one and the searching principle of the other.
control circuit, the phanBefore proceeding to the diode-phantastron
tastron itself should be considered.
One form of this circuit was iiltroduced by the British as a precision ranging-sweep generator and has since
been used extensively in both British and American indicators. s As used
in ranging, it requires an external trigger to start the cycle, which consists of a single linear downsweep of the plate voltage, followed by a
1See also Vol. 16, Sec. 7.13.
a M. W. P. Strandberg,“Some AutomaticFrequency-controlCircuits,” RL Report
No. 687, Mar. 10, 1945,
3See Vol. 19, Chaps, 9 and 14, Radiation Laboratory Series.
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quick recovery and a quiescent period while awaiting the next trigger.
For AFC purposes, it is necessary to have a self-triggering generator,
The final circuit, including also
and some modifications are necessary.
the diode search stopper, is shown in Fig. 329.
The basis of operation is
the negative transconductance that exists between the suppressor grid
If one end of the grid resistor RI
gsandthe screen gridgl of apentode.
is tied to some potential at or above the cathode potential, current will
flow, tending to cause the grid voltage e,, which is negative at the start,
to approach the cathode voltage E.. The rate of rise of e, will be less
than is indicated by the values of Rl, Cl, and the voltage drop across RI,
because of the large “ amplified”
or Miller’ capacity appearing at
In other words, as the
the input.
Rz
grid potential tries to rise, the
plate potential fails rapidly; this
R. C:
-200 v
P
fall, coupled through C,, inhibits
From discriminator C,
“A” AFC (+loo “)
~P
‘
video ampllfier
the rise in grid potential.
These
and the subsequent effects are illus4+
trated in Fig. 330.
1
cc “
“
‘g==;
:
:
‘“’’’’’C’”’
However, e, does rise, and the
E,
plate potential e, does fall, and
~
ultimately the latter comes close
to the cathode potential E.. At
RanEe-set
m
A
Fontrol +
this time, a regeneration that is the
-360v
(ov)
first part of the recycling process
F1~, 3 29.—Dlode-phantastroncontrol cirsets in. For as e, approaches E,,
cuit.
the normal distribution of current
between plate and screen is disturbed and an ever-increasing current flows
to the screen, whose potential e,, therefore starts to fall. This fall is
coupled by Cz to the suppressor grid gj; and when it reaches a large enough

l_JL
7

The plate voltage then
value, g:+starts to cut off the current to the plate
rises, carrying ~vith it e,, thus increasing the cathode current and hence
the screen current.
The regeneration s complete in 1 or 2 psec, when gl
starts to draw current.
This iiction occurs at time A (Fig. 3.30),
From
this time on, e=can rise only as fast as Cl can be charged through R,.
C, is made large enough so that the suppressor will not recover until
Presently, however, e,,
e~ has come close to the supply voltage E~.
comes close enough to E. to allow some plate current to flow. The
second regeneration immediately occurs (time 1?, Fig. 3.30).
The downward plate-voltage motion, coupled through C.l, tends to drive e, to
1J. hf. Miller, “ Dcpendenccof the Input Impedanceof a Three-electrodeVacuum
Tube upon the I,oad in the Plate Circuit,” BtLT. Standards Sci. Paper 351, See also
F, 1?,Trrman, Rad{o Engineers’
IIandbook, McGraw-Hill, New York, 1943, p. 468.
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cutoff.
This in turn reduces the screen current, and the resultant rise
in ea, and ea, causes a further drop in eP, and so on. At the end of the

process, e, is down by some 10 to 15 volts from EB, e, is near cutoff, and
the slow downward sweep of eP sets in.
If no error signal comes through, because, for example, the transmitter is turned off, the phantastron plate will execute a series of sawtooth downward sweeps, separated
by moderately
long recovery
periods.
If, however, during one of
the sweeps, the transmitter
is
turned on so that pulses appear at
the discriminator output, the sweep
(a) ep and eg,
will be stopped as soon as the discriminator crossover frequency is
passed. For at this time, positive
pulses appear at the output of the
discriminator
video amplifier.
These pulses are coupled to the
(b) eg,expanded
shunt diode detector and cause it to
develop a negative voltage.
As
soon as the voltage across the diode
becomes equal to the voltage on the
phantastron control grid, the current flow in RI ceases, and the down(c) eg,
ward sweep of the plate therefore
stops. Thus, the system is locked.
The exact amplitude of triggers will
automatically set itself in such a
way that the frequency is held to
the required value, since any deviations tend to change ea so as to
(d) eg,
restore the frequency to the right
FIG, 3,30.-Voltage wa v e [o r IIIs ill the
vallm. As long as e, is maintained
phantastroncircuit.
at a negative value, the recycling
\rill not occur.
described above
In the design of a practical circuit, several factors determine the proper
choice of constants.
The voltage sweep rate at the plate of the phantastron is given by’
E. – e,
d~. _
(1)
(it – (h’, + 17JC1”

“5’LL&L

l-t-?

Of this, a fraction ft5/(fi,

+ Rs) appears at the refle~tol”.

1Sse Vol. 16, Eq (7.36), l{:~dlxtior!T,i(lmr:ltory

Seriw.
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In the usual design the linear-sweep range of e, comes out to be about
two-thirds of the total supply voltage E,.
The range desired at the
reflector is determined by the tube properties and should be slightly in
excess of the largest voltage swing required to carry any oscillator over
the desired mode (see Fig. 320).
For many tube types a sweep of 40
to 50 volts is required; usually, therefore, R4 = 2Rs (Fig. 3“29) for
E, = 195 volts.
The actual voltage reached by the plate during the recharging of Cl
is reduced below EB because of the current drawn through Rb and Rd.
These resistors are therefore usually kept fairly high, 1 and 2 megohms
The loss in effective supply voltage
respectively being common values.
depends on the setting of the range-set control and may vary from an
The available swing is correspondactual gain to a loss of some 15 volts.
ingly reduced, and allowance should be made in the choice of the Ri/R6
ratio. R, should be large to secure high amplification and to reduce the
Values ranging from 0.2 to 0.5 megohm
current demand of the circuit.
are common.
R3 is critical in that it determines the point in the downward sweep
at which regeneration sets in. If it is too large, a relatively small change
in screen current will cause enough drop to start the cutoff of the plate
current by the suppressor.
If too small, the recycling will not take place.
If the sweep tube is a 6SJ7 or similar tube, values from 5000 to 20,000
ohms should be used. If the new 6AS6 miniature type, developed especially for transitions and phantastrons, is used, RO,must be very low, and
the screen drain will be excessive unless a trick is used.
The dMicult y with the 6AS6 comes from the very high transconductance between g, and the plate. A small drop in e,, will start the regeneration. The trick then is to divide down the screen s}ving before
coupling it to gs. In Fig. 3.29, a resistor is inserted at point A. Values
of 47,000 ohms for the new resistor and 10,000 ohms for Rs are satisf actory and reduce the maximum screen current to less than 5 ma. The
phantastron can therefore be held for a long time in the state where the
screen is drawing full current, without excessive screen dissipation, for
example, by applying an external negative bias to gs. This feature is
used in one of the later circuits (Sec. 3.14).
The value of Rz may be conveniently chosen as 2 megohms; Cz
is then chosen so that RZCZ Z 3RPC1, to provide adequate time for plate
recovery.
Even when long sweep times are not required, R. and RI are usually
made equal and as high as possible (2 megohms) because the effective
voltage developed across C. is approximately proportional to R, unless
the length of the pulse at the video amplifier is long.
To provide for some integration, R.C, is made equal to several inter-

68

AFC SYSTEMS

AND

CIRCUITS

[SEC.3.13

pulse intervals.
In a typical case, C. = 0.05 pf. Since the typicalsystem pulse length is of the order of a microsecond, only a few volts are
developed across C. by any one pulse. The video amplifier should draw
as much current as possible and should have a large g~. For small signals, the charge transferred to C. is proportional to gfi; for very large
signals, the largest current that can flow into C. is the standing current in
the load resistor, the amplifier being fully cut off.
Unlike the gas-tube case, ripple is seldom the limiting factor in determining the sweep rate. During the search cycle, before locking has taken
place, the sweep velocity is high, corresponding to the steep part of the
curve of Fig. 3.30. Furthermore, usually more than one trigger is
required to stop the sweep because of the small charge that can be transferred to C. even by a full-amplitude pulse. The sweep must, therefore,
be slow enough so that several positive pulses appear during the initial
transit of the discriminator peak; otherwise the system will fail to
lock even though, if locking were once established, it would be maintained.
The diode-phantastron
combination is essentially a d-c amplifier
system.
Pulse integration is accomplished partly by the diode network
R.C. and partly by the phantastron input network RIC (amplified).
When locked, the pentode acts as a normal d-c amplifier with a gain of
about 50. The difference from the previously mentioned d-c amplifier
circuits is that the pull-in range is equal to the hold-in range because of
the search and recyc!e provisions (see Sees. 3.2 and 3.4).
The circuit will work well with any tube of the specified type.
The
voltage at which the sweep starts is essentially constant, being equal to
the supply voltage less the small grid cutoff voltage.
A proper choice of
R8 will ensure that every tube will sweep to within not more than 50
volts of the cathode.
In addition to the increased sweep time afforded by the capacity
amplification, a further increase is available because of the fact that the
condenser-charging resistor is located in the grid circuit and the load (the
The former may be made very
reflector divider) is in the plate circuit.
high if necessary, and the latter is kept at a low enough value to ensure
against reflector “runaway, “ in which the reflector becomes positive and
emits electrons, so preventing a high-resistance voltage source from
bringing it back to the required negative operating region.
The long cycle that may be obtained with small condensers is particularly useful in connection with thermally tuned tubes, where the time
required for the oscillator, to drift from one end of the band to the other
may be m long as 15 sec even at full power. The method of application
of the tube to the circuit is, as will be seen in Sec. 3.14, very different,
however.
The diode-phantastron circuit has been used to advantage in reflector
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AFC, the chief benefits coming from its independence from tube characteristics and the fact that the search sweep rate is relatively constant
over the whole control range. In the gas-tube circuit, ripple at the steep
end of an exponential determines the upper limit of sweep rate; the rate
elsewhere in the range may be one-third to one-quarter of the maximum
value. In the above circuit, however, the sweep rate is constant to
within about + 10 per cent.
Another interesting property of the circuit is the fact that the ultimate sweep rate per transmitter pulse is much larger than the interpulse
ripple because of the double integration
of the diode and the phantastron.
If
the system is allowed to reach equilibVR
rium and then the source of control
information is abruptly turned oE, the
-+reflector will not start to drift abruptly,
as in the case of the gas-tube circuit, but
(a)
will have an” acceleration” in the drift,
as shown in Fig. 3“31. This acceleration is due to the fact that the charge
on the diode condenser Cc must all leak
v’
off before the phantastron drift velocity
:,
Since
assumes its maximum value.
~\
every pulse is effective, instead of every
L Tim; of the
third or every tenth, it is the slope near
disturbance
Time _
the origin that determines ripple, but the
(b)
slope far from the origin determines the
FIG. 3.31.—”Inertia” effect of
ultimate follow rate that can be reached.
diode-phantastmn. (a) Gae-tubecirAlthough a double time constant would
cuit; @) diode-phantastron
AFC.
achieve the same result for a gas-tube
control circuit, the final effect would be unsatisfactory because of the
ripple frequency.
That is, a filter that would remove the low-frequency
components present when only every tenth pulse fires the search stopper
would cause the system to become very sluggish, even though the
ultimate control rate might be very high. The real advantage, then,
comes from the utilization of every pulse, with control proportional to
amplitude.
3s14. Control Circuits for Thermslly Tuned Oscillators.-Thermally
tuned oscillator tubes are similar to other reflex oscillator tubes except
for the method of tuning the cavity to the desired frequency.
A small
strut in the cavity is distorted by heat, and the strut in turn distorts the
configuration of the cavity and varies its resonant frequency.
In the
newer tubes, the strut is actually the plate electrode of a small triode
tube built into the shell along with the oscillator proper but electrically

~
b-
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independent of it. The amount of heat in the strut is varied by changing
the grid bias of the triode section, thus changing the amount of plate
current and heat dissipation in the strut. Such a construction affords
an extremely wide tuning range controlled by electronic means.
The wide tuning range of thermally tuned tubes requires a different
approach to the problem of AFC because the tube will tune through either
As a result, the AFC system, if it is
side of the transmitter frequency.
to use information from a conventional discriminator f ollowing an i-f
amplifier, must use entirely different control circuits from those used for
reflector-tuning AFC systems to-avoid looking to the wrong sideband
(see Sec. 3.10).
Since the tuning is done by a thermally sensitive element, the temperature stability of the tube is very poor. Thus good AFC
is a necessity.
In all of the previously considered control circuits, there existed an
instantaneous ‘‘ one-to-one” correspondence between the voltage on the
frequency-control electrode (for example, the reflector or the reactancetube control grid) and the LO output frequency.
It is therefore ne~essary, as was pointed out in Sec. 3“10, to introduce into the control
circuits networks that limit the follow rates.
In thermally tuned oscillators, however, the heat capacity of the
tuning mechanism introduces a delay between the application of a voltage to the frequency-control
electrode (tuner triode grid) and the
reaching of the corresponding output frequency by the oscillator.
Consequently, there is an inherent limitation on the achievable follow rates
which is usually, but by no means always, lower than the follow rates that
would be permissible under the bandwidth and PRF conditions discussed in Sec. 3.10.
The response of such thermal tubes to changes in control voltage is
approximately exponential.
That is, the rate of change of frequency is
directly proportional to the difference between the instantaneous frequency and the equilibrium frequency corresponding to the instantaneous
value of the control voltage.
Therefore, the highest rates of drift in the
two directions will be achieved when the tuning power is the maximum
allowable or zero, respectively.
Most proposals for thermal AFC involve “ on-off” control.
That is,
searching is provided by turning the power alternately fully on and fully
off (heat reversal) at intervals long enough to allow the oscillator to
sweep from one edge of the band to the other between heat reversals.
Locking is accomplished by turning the power on and off so rapidly that
a negligible drift or ripple of the frequency occurs between heat reversals.
The average power is then determined by the duty ratio, or ratio of time
spent with power on to time spent with power off.
When a severe demand is made of such a system, the power will remain
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fully on or fully off as the case may be until the required compensation is
effected, thus providing the highest possible follow rates.
The maximum follow rates depend on the position within the band.
Close to either band edge, the follow rate toward band center is high,
whereas the follow rate away from band center is low.
Typical values are as follows: The 2K45 (10,000-Mc/see)
oscillator
Its
has a time constant of about 8 sec and covers a 2000-Mc/sec band.
maximum follow rate at band center is therefore 125 Me/see per sec.
The 2K50 (25,000-Mc/see)
oscillator time constant is about 1.6 sec;
the band coverage is also 2000 Me/see; and band-center maximum follow
rate is 625 Me/see per sec.
Two of the proposed circuits have been built successfully and are now
in use in practical radar sets. They differ in that one system locks on one
sideband only (see Figs. 3.6 and 3.21 and text, also below), rejecting the
sideband automatically,
whereas the other can lock
other “wrong”
For the balance of this section, the first
correctly on either sideband.
system will be referred to as th~ “single flip-flop” (SFF) control circuit,
and the second system as the “double fhp-flop” (DFF) circuit.
As will be shown later, the double’sideband locking property makes
feature such that if the system should become
possible a quick-relock
unlocked because of momentary trigger failure or excessive follow-rate
demand, it will automatically return to the correct locking position at
least once for a second chance at locking without having to go through a
complete searching cycle.
Thus, with a 2K45, control may be restored
in less than a second instead of having to wait for as much as 20 sec.
This advantage is obtained only at the expense of considerable circuit
complexity and extra tubes; when frequent unlocking is not expected,
the simpler SFF system is to be preferred.
In addition to the on-off feature previously considered, both circuits
utilize push-pull control.
That is, both of the discriminator peaks are
used to cause heat reversals.
In the SFF circuit, positive pulses from the
discriminator always result in the heat being turned on, if off, and have no
effect if it is already on, whereas negative pulses have the converse effect.
Examination of Fig. 3’32 shows that this results in locking on the lowfrequency sideband only, locking on the other sideband being excluded.
Of course, if the action of positive pulses were to turn the heat off or if
the discriminator polarity were reversed, the system would lock on the
high-frequency sideband.
In the DFF system, a similar one-to-one correspondence between heat
reversals and pulse polarity exists as long as the system remains locked.
However, the relation between heat reversals and pulse polarity is
inverted at each end of every searching sweep, so that after each such search
reversal, the relation is such as to allow locking on the nearest sideband.
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Block diagrams of the systems are shown in Figs. 3“33 and 3.34.
Complete circuit diagrams and detailed operational analyses are given
elsewhere. 1
In the SFF system, the heart of the circuit is the heat-reversing flipflop, HR, or Eccles-Jordan trigger circuit.
It has two stable conditions
of equilibrium between which it may be switched aa a result either of dis-——+
SFF
+ DFFc~~~A. — +
— +
DFF Case B——
A
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~
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‘Fro. 3.3Z.-Locking andsidebandrejectionin thermalAFC.
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Fm. 3.33.—Completeblockdiagramof singledip-flopAFC system.
criminator pulses, in the manner discussed above, or of pulses from a
“poker.”
The tuning triode power is either fully on or fully off according to the condition of the HR.
A special coupling circuit ensures the
required onet~one
correspondence between pulse polarity and HR
condition.
The poker is a conventional multivibrator, one of whose control grids
is tied directly to the suppressor (gs) of the discriminator amplifier.
1Vol. 16, SeCs. 7.15 and 7.16, Radiation Laboratory Series.
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During half of the poker cycle, therefore, gs is close to ground, and the
amplifier functions normally.
During the other half, however, gs is
well below ground, and the amplifier plate current is cut off, thus desensitizing the circuit for one direction of frequency sweep during hunting.
Furthermore, the turning on and oil of the amplifier plate current is so
abrupt that the corresponding fall and rise of the plate voltage, differentiated, serve as trigger pulses to operate the HR flip-flop, causing a
searching heat reversal at each reversal of the poker.
When the system is locked, similar but much more frequent reversals
To prevent the poker
occur due to normal pulses from the discriminator.
from continuing to operate, thereby desensitizing the amplifier, the wave
form at the HR plate is differentiated and applied to a diode
detector, the “ deadened, ” whose
negative output is applied in turn
to the grid of one of the triodes of
I
the poker multivibrator.
This
TSS
Foker
tniode is thus held in a nonconducb
ing condition so that the compleI
tion of the multivibrator cycle is
prevented.
HR
Deadener
In the DFF system, two flipflops are used: a trigger sign seleci
I
tor (TSS) and a heat-reversal flipTo local
oacil Iator
flop (HR).
The couplings from
FICJ.
3.34.—Blockdiagramof doubleflip-flop
discriminator amplifier to the TSS
AFC controlcircuit.
and from HR to the tuner-triode
grid are identical respectively with the input and output couplings of the
HR of the SFF system.
In addition, the two are coupled together in such
a way that every reversal of the TSS causes a reversal of the HR.
Thus,
once the relative phases of the two flip-flops have been set, they act as
one and provide locking and wrong-sideband rejection in a manner
identical with that of the SFF system.
An entirely different poker mechanism is required.
The device
used is a screen-coupled phantastron oscillator, which has already been
described in Sec. 3.13. The screen-voltage waveform (See Fig. 3.30c)
is differentiated by an RC network, and the resultant positive pulses are
used to operate the flip-flops.
The phantastron period is long enough
to allow the local oscillator to sweep over the entire band between successive pulses.
Assume that the transmitter is off, and consider the searching-sweep
mechanism.
Pulses from the poker are fed into the HR in such a way
as to cause it to reverse at each pulse. Thus the tmner-triode power is

I
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reversed at each pulse, and the oscillator sweeps back and forth over the
band.
Simultaneously, poker pulses are fed into the TSS, but the
coupling is of such a nature that instead of always reversing it, they preset
it to a definite condition.
That is, after each pulse, the TSS will always
be found ready to accept positive pulses from the discriminator.
Examination of Fig. 3.31 shows that, with the TSS preset, coming in from either
direction it will ignore the first (negative) pulses from the first sideband
encountered and will accept the positive pulses that appear after the
If, therefore, the transmitter is
crossover frequency has been passed.
turned on during a sweep, the T-SS will reverse just after crossover has
been passed. This reversal, transmitted through the HR to the tuner
triode, causes a heat reversal.
As soon as crossover is repassed, the TSS
again reverses, this time from negative trigger pulses, and so on. If the
LO frequency lies between the sidebands at the instant the transmitter is
turned on, the positive pulse from the second sideband will cause a heat
reversal, sending the oscillator back to the first sideband, where it will
lock.
A ‘‘ deaden~r” must also be used here, since one poke from the
phantastron has an even chance of reversing the HR without reversing
the TSS, thereby destroying the phase relation between the two and
The deadener itself
setting them up for locking on the other sideband.
is similar to the one used in the SFF system, the negative bias from the
diode being applied to the suppressor grid of the phantastron.
If the
system loses control, the deadener voltage will leak away in a time short
compared with the total cycle, and a positive pulse will forthwith appear.
This pulse will return the oscillator either to the original sideband or to
the other sideband, according to which direction of drift existed at the
time of loss of control.
In either case, control will be reestablished in a
short time.
AESOLUTE-FREQUENCYAFC SYSTEMS
3.16. Crystal-controlled Frequency-multiplication
Systems.—The use
of a piezoelectric quartz crystal is standard procedure in commercial
It is applicable whencommunications work at the lower frequencies.
ever one or only a few fixed-frequency stations are to be received.
It is
difficult, however, to produce crystals whose fundamental frequency is
much in excess of 10 Me/see and clearly impossible when the frequency
is in the microwave region.
At lower frequencies, frequency multipliers are often used to obtain
the advantages of crystal stability in the Klgher-frequency ranges. The
method has been extended to the microwave region, but the equipment is
somewhat complex to use in an ordinary receiver and is intended primarily
With such equipment, frequencies
as an accurate frequency standard.
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have been established in the 3000- and 10,000-Mc/sec
region with an
absolute accuracy of one part in 106 or better.
Sperry has designed and put into production asystemin
~vhich the
output of a 5-Me/see crystal oscillator is successively doubled and
tripled up to 270 Me/see, after which it is applied to a two-cavity klystron
amplifier.
The input cavity is tuned to 270 Me/see, and the output
About 1 mw of r-f
cavity to the eleventh or twelfth harmonic thereof.
power in the 3000-Mc/sec region may thus be obtained.
The Radiation Laboratory Test Equipment Group has built a somewhat different device.
The 5-Me/see signal is multiplied up to 50, 100,
or 500 Me/see as desired and applied in considerable strength to an
The nonlinearity of the crystal results
ordinary 1N23 silicon crystal.
inan output current that is rich in harmonics as high as 10,000 Me/see.
Since no highly selective r-f circuits are used, an output signal is obtained
that contains energy spaced at 50-, 100-, or500-Mc/sec
intervals.
This
device is very useful for generating pips, for calibration of spectrum
analyzers over a wide band, etc
The power output from the crystal harmonic generator is far too small
to serve in place of a local oscillator for a receiver, since at least * mw at
the crystal is needed.
It has been proposed to overcome this deficiency
by using the signal from the standard as the reference signal for an AFC
system controlling a normal local oscillator.
That is, output from the
standard and from the local oscillator would be applied to a crystal mixer,
and the resultant i-f outrmt would be amulified and fed into a conventional dkwriminator and control circuit, presumably of the d-c amplifier
type. The LO output would then be controlled to a frequency differing
from that of the standard by the amount of the intermediate frequency
and of accuracy limited only by the accuracy of the AFC at the intermediate frequency, which could easily be made a small fraction of a
megacycle per sec.
3.16. “Video Discriminator” or “Beacon” AFC.—Radar beacons offer
No sample of the transmitter to
a new and peculiar tuning problem.
which the receiver is to be tuned is available except at the short moment
during which the rotating antenna is pointing directly at the beacon to
be received.
Time is therefore not available for a controlled local oscillator to search for and lock the received signal. The problem of finding
the signal manually is likewise difficult, since it is necessary to have the
tuning correct at the instant when the antenna points to the beacon and,
in general, the operator does not know from which direction the signal
will come.
To solve this problem, the radar set is provided with a built-in frequency standard, set at the frequency at which the local oscillator should
operate. All beacon transmitters are held accurately to a single fre-
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quency, so all local oscillators operating with a given type of i-f amplifier
also operate at a single frequency.
In the simplest case frequency is controlled manually, and the frequency standard is a precision cavity lightly coupled to the local oscillator with a crystal and crystal current meter attached to the far side.
This device serves then as tuning indicator, the presence of maximum
crystal current indicating correct tune.
If AFC is desired, the same r-f arrangement is used, but control circuits are provided that automatically set the local oscillator to the frequency at which crystal current is the maximum.
The most successful systems for both reflector and thermal AFC
utilize reflect or modulation and a gas-t et rode coincidence tube.
A small,
low-frequency (60 cps to 30 kc/see) voltage is applied to the reflector,
causing a frequency modulation with a deviation of about ~ Me/see.
If the oscillator center frequency coincides with the cavity resonant
frequency, the crystal current will have no component at the modulation
frequency; but if the oscillator is detuned slightly to one side or the other,
a signal at modulation frequency will appear.
On one side, the phase of
this signal will be the same as that of the modulating voltage; on the other,
the phases will differ by 180° because of the change in sign of the response
curve slope. The output crystal current flows through an impedance,
across which as much as 0.25 volt rms signal may be developed.
This
signal is amplified greatly (for example, a 50-to-l stepup transformer with
a pentode resistance-coupled amplifier) and applied to the control grid
g, of a gas tetrode (2050 or 2D21).
Both the control grid and the shield
grid gt are biased about 10 volts negative with respect to the cathode.
As long as gz remains at – 10 volts, no voltage (up to the saturation limit
of the amplifier) applied to gl can cause the tube to fire.
A second signal at the modulation frequency and of about 10 volts
peak amplitude is applied to gz. Again, the tube will not fire for any
value of the shield-grid voltage as long as the control grid is at — 10 volts.
Consequently, the only condition under which the gas-tube can fire is
that in which both grids are swung toward ground simultaneously by
their respective applied signals. Thk condition will occur only if both
signals are in the same phase.
Thus it is seen that if the LO frequency is on one side of the cavity
peak, the gas-tube will never fire; but if the frequenc y swings to the other
side, it will fire (regularly, at the modulation frequency).
This is precisely the condition which is present in the control circuit of the gas-tube
AFC of Sec. 3.12. All that is necessary here, to have an efficient AFC,
is, therefore, to add the gas-triode search sweep generator (Vi of Fig.
3.26), the coincidence tube serving as V, in this circuit.
Operation of a phantastron control circuit is likewise easy. A small
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resistor (2000 ohms) is inserted in series with the gas-tetrode cathode.
Since the gas-tube condenser (Cl of Fig. 3.26, for example) is tied directly
from the plate to ground, the initial surge that discharges it causes the
cathode to rise sharply (after which it falls back) as the condenser is disBut this is a simple
charged through the tube and the small resistor.
positive trigger which can readily be coupled into the shunt detector of
Fig. 3.29, for instance, to develop the negative search-stopping voltage
discussed in Sec. 313.
Operation is then as described there.
The application of this circuit to thermally tuned tubes is not so
simple. In essence, operation is as follows.
The gas-tetrode circuit is
The thermal-triodeoperated between ground and a negative supply.
tuner grid is tied directly to the gas-tube plate, so that in equilibrium
(no firings), the tuner grid is at ground.
When the gas tube fires, the

r
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z
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:
~
$
0
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FIG.3.35.—,Microwave
discriminatoroutput.
plate is carried below ground, cutting off the tuner triode.
The plate COndenser is such that recovery requires 2 to 4 cycles at the modulation
frequency.
During this period, the LO frequency drifts away from the
peak, after which it returns until another firing occurs.
Hunting is accomplished by making part of the gas~tube plate-load
resistor the plate-load resistor of one section of a multivibrator.
During
part of its cycle, this section is nonconducting and has no influence on
During the other part it conducts and thereby effectively
the circuit.
lowers the gas-tube plate-supply voltage to a point where the tuner
triode grid will be cut off.
When the system is locked, a cathode-coupled diode detector similar
to the one described in connection with the Dhantastron circuit is used to
keep the grid of the nonconducting section o~ the multivibrator from coming close enough to its cathode to allow the cycle to be completed. 1
3017. The Microwave Discriminator.-One
recent development that
may have many future applications is a microwave discriminator whose
1Circuit diagrams and more complete descriptionsof these circuits are found in
Vol. 16, Sees.7.17 to 7.19, Radiation Laboratory Series.
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construction and theory of operation are described in detail elsewhere. 1
The microwave discriminator will be considered here as a “ black box”
containing a high-Q cavity (which may be tunable), a waveguide input
to which an oscillator may be attached, and a low-frequency to d-c output lead. When the LO frequency is swept through the band of frequencies around the cavity resonant frequency, the output lead will trace
out a typical discriminator response curve based about some zero level
slightly above ground as shown in Fig. 3.35. That is, starting at a
positive voltage, the output voltage ~vill start to drop, then to rise, crossing the off-frequency value at crossover, continuing to a maximum positive value, and finally returning to the off-frequency condition.
This voltage may be applied to a high-gain d-c amplifier, whose output
may then be used to control the LO-reflector voltage in the usual manner.
The interesting property of this circuit is that with careful design enough
follow rate may be achieved to compensate accurately for the inevitable
frequency modulation of power-line frequency introduced by the a-c
current in the heater circuit.
The stability achieved is remarkable.
Two oscillators so controlled
and operating at 10,000 Me/see can be beat together to produce a reasonably pure tone. The theoretical stability limit comes about from the
inherent noise in the crystal.
Since the circuit bandwidth need not be
much greater than the power-line frequency, for which full compensation
is required, the Johnson noise components are very small. There do
appear to be extra low-frequency noise components, however, far greater
than the Johnson noise. For best results extremely careful design of
the d-c amplifier is necessary; push-pull circuits and much feedback
should be used.
One immediate application would appear to be to make tunable
receivers that can be set very accurately to a predetermined absolute
frequency.
The number of channels available within a given band
becomes greater as frequency stability is improved.
The possibility of
using channels only 1 or 2 Me/see apart is apparent.
It may be noted that the previously discussed beacon AFC systems
may likewise be used with tunable cavities.
However, they all have
present the rather large frequency modulation that must be applied to
the reflector and are not suitable for precision work.
1Vol. 11, Chap. 2, Radiation Laboratory Series.
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4.1. Introduction.-In
receivers for microwaves it is often the practice
to feed the input signal from the antenna directly to a mixer having a
To secure a good noise figure from such
conversion gain less than unity.
an arrangement considerable care must be used in the design of the
coupling network between the mixer and the first i-f stage and of the first
Thk chapter will cover some of the
stage or stages of the i-f amplifier.
considerations necessary in the design of this section oft he receiver.
The noise figure of two networks in cascade may be written in either
of two forms, as given in Chap. 1,
(16)
or
F,z = F, +

F, –-l
~,

(13)

noise figure of Networks 1 and 2 in cascade,
noise figure of Network 1,
noise figure of Network 2,
available power gain of Network 1,
ratio of noise temperature of Netwckk 1 to room temperature 300”K).
When dealing with crystal mixers it has become customary to use Eq.
(1.6), with t, and W 1 referring to the crystal.
Since with present-day
crystals h is only slightly over unity, the noise figure of the receiver is
almost directly proportional to Fz, which represents the noise figure of
the i-f amplifier, thereby justifying the attention given to this factor.
These considerations may be carried a step further by applying Eq.
(1.3) to the i-f amplifier itself, letting Network 1 be the first stage and
Network 2 be the rest of the amplifier.
From this it is seen that if w,,
the gain of the first stage, is high enough, the noise figure of the rest of
the amplifier will have little effect on the over-all noise figure. If W ~is
low, as-may be the case in a very wide-band amplifier, the noise properties
of the second or even the third stage become important.
4.2. Representation of Sources of Signal and Noise.—Before
proceeding with a discussion of the ways of minimizing noise, some of the
79
where F12
F,
F,
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=
=
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methods commonly used for representing and characterizing sources of
These follow directly from Th&enin’s
signal and noise will be reviewed.
and Norton’s theorems and the usual expressions for Johnson and shot
noise and will be stated without proof.
1. Any two-terminal network containing linear impedances and
generators may be represented as far as external effects are concerned by
a single voltage generator E. in series with an impedance Za or by a current generator I. in shunt with an admittance Y.. The maximum power
will be obtained from the network if a load Z$ or Y; (complex conjugate
of Z. or Y.) is connected; this power is called the available power and is
The network may be characterized by any of the four
denoted by W..
pairs of parameters: (a) E. and Z., (b) I. and Y~, (c) W. and Z., and (d)
These quantities are related by the following expressions:
W. and Y..
(1)
and
(2)
where R. and G. are the resistive and conductive parts of Z. and J’.,
respective y.
2. A four-terminal network containing only reactive elements may be
placed between the first network and the load without affecting the
available power Wa. It will, in general, transform the other four quantities to new values: E:, 1:, Z:, and Y:. If the four-terminal network
contains dissipative elements as well, W. will be reduced.
3. Across the terminals of any twe-terminal network containing no
generator there appears a fluctuation voltage whose mean square value is

where k = Boltzmann’s constant = 1.38 X 10–23joule/°K,
B = noise bandwidth (defined below), cps,
T = temperature of the network, ‘K,
R. = resistive component of impedance between terminals.
If the terminals are short-circuited, a fluctuation current will flow whose
mean square value is
~ = 4kTGaB,
(4)
where G. = conductive component of susceptance betw-een terminals.
From Eq. (2), the available noise power from the network is
Wn = kTB.

(5)
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4. If a two-terminal network contains generators as well, the noise
voltage, current, or power appearing at the terminals may be higher than
the values given by Eqs. (3) to (5). A new value of temperature Tl,
an effective noise temperature, may be used to describe this situation.
5. If a tube has in its plate circuit a noise current I:, such as that due
to shot noise or partition noise, it may be replaced by a perfect tube with
an equivalent voltage appearing in series with the grid
(6)
This may, in turn, be replaced by a fictitious resistance, whose Johnsonnoise voltage is equal to E:;
1:

Rq=—

4k TBg:”

(7)

If the grid circuit of a tube operated as a conventional grounded-cathode
amplifier contains a signal source of internal impedance R, and if Johnson
noise in the signal source and shot and partition noise in the tube are the
only sources of noise, the noise figure of the combination is
F=
The noise bandwidth
following expression

I+>.

(8)

B appearing in the equation is defined by the

(9)
where W (j = available power gain at frequency f,
Wo = maximum value of available power gain, usually occurring
at band center.
The available power gain of a (four-terminal) network is the ratio of the
available signal power at the output of the network to the available power
from the signal source. The 3-db bandwidth @ is more often used in
It is the width
characterizing the pass band of amplifiers and receivers.
of the response curve between points where the response is 3 db below
the maximum value; that is to say, where the power output for a constant
input has dropped to half its maximum value. For a response curve of
the form given by one single-tuned circuit,
B = 1.5763;
for two single-tuned circuits in cascade,
B =

1.22(B;
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whereas for most other pass bands normally met,

4.3. Properties of Amplifier Circuits.—The portion of the receiver
under consideration here may be represented schematically as shown in
Fig. 4.1. The mixer is represented as a current generator 1. shunted by

FIG.4.1.—Equivalentcircuitfo~mixerand couplingnetwork.
an admittance Y.. By the action of the coupling network these are
transformed to new values 1: and Y: as seen looking back from the first
amplifier tube. It is to be expected intuitively that for a given amplifier
tube and circuit there will be a value of Y: that gives the best ratio of
signal to noise. It is the function of the design of the coupling network

&

(a)
9P

-

--F
9P=

Y~

output

FIG. 4.2.—Amplifiercircuits. (a) Grounded-cathode;(b) grounded-grid;(c) groundedplateor cathode-follower.
to provide this value over the required pass band or, if the admittance
value and pass band are incompatible, to achieve the best possible compromises. The properties of some of the possible amplifying circuits will
be examined first to discover what values of Y: are required and what
performance may be expected if the optimum transformed admittance is
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attainable.
Following this the problem of designing a coupling circuit
will be taken up. For the first amplifier stages there is not only the
choice between a triode and a tetrode or pentode but also the possibility
of using a grounded-cathode, grounded-grid, or grounded-plate (cathode
follower) circuit or even a combination of these in successive stages. As
far as signal voltages are concerned, these three circuits may be represented as shown in Fig. 4.2aJ b, and c. Sources of heater and plate power
and screen or suppressor grids if present have been omitted.
The difference between the three Cii-cuits depends upon which of the
three elements is common to the input and output.
The admittance YI
consists of the input capacity of the tube and the conductance that is
due to any ohmic losses in parallel with the input.
The conductive
component of YI is G1. The dynamic plate conductance of the tube gP is
The output
equal to the reciprocal of the dynamic plate resistance.
capacity of the tube is considered as part of the load admittance Y~.
G. is the conductive component of Y..
The properties of the three connections are summarized in Table 4.1.
The equivalent noise resistance of the tube R- was defined in Eq. (7);
g~ is the transconductance of the tube; and

(lo)
where p = g~/gP is the amplification factor of the tube. These formulas
neglect transit time and other effects that become important at high
frequencies. Some of the modifications that enter at higher frequencies
will be considered in Chap. 5.
Input Admittance.—The
input admittance of the grounded-cathode
and cathode-f ollower amplifiers consists of Y1 only, whereas that of the
grounded-grid amplifier contains a second term, a so-called ‘‘ electronic
admittance, ” which is caused by feedback properties of this connection
due to the flow of output current through the input circuit.
In Sec.
4.5 it will be shown that such an electronic admittance can be produced
by other types of feedback.
In the case of the grounded-grid amplifier
thk electronic admittance almost always has a magnitude very much
greater than IYll.
Output Admittance. -In
calculating the combined noise figure of two
stages in cascade according to Eq. (1”3), the load resistor in the output of
the first stage is included as part of the first stage. The noise figure of
the second stage Fz depends upon the admittance of the signal source,
which in this case is the output admittance of the first stage, including
this load resistor. Therefore, it is convenient to define output admittance in the following manner.
Suppose that an auxiliary load admit-

Property

TABLE4.1.—PROPERTIES
OF THREEAMPLIFIER
CONNECTIONS
Type of connection
Groundedgrid
Groundedcathode

Cathode follower
Y,

Y,

Input admittance.
Output admittance. .
Voltage gain s . . . . . . . . . . . . .
Available power gain w.

Value of G: for maximurr
value OfW . . . . . . . . . . . . . . .

9m
(9. + yL)
g:G;
(g, + GdlY:

+ y,l’

G,

G,

9:

Maximum value of W, Wm..
l+;+

Noise figureF, . . . . . . . . . . . . .

J+ +
(G,

G;

., .,,..,, .,

m

Gdg:ll

Rwg;

2

! Fourthterm(contribution
ofGL)approximate.See* and%above.
UEffectof loadGLis evaluated
withwwoximatiom.see* and$ above.

● Approximate
valueforIYLI>>b%.
f Withtotalinputandoutputmmeptan.en
zero.
t Approximate
valuefor0-’>> (G.’+ ad.

,’ ..,,,,

G,
.,

a

Valueof G: for minimumnois[
figure. . . . . . . . . . . . . . . . . . .

,,,”.,,.,.

4G,(g: + GL)
IY:+ I’ll’

... .,,

.,,

.”.,.

,.

...,

,,,

,.,

.,,

,,

.,

.,,.
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tance Y; were connected in parallel with the output of the tube and the
actual load Y~ and that Y; were varied until a maximum amount of
power were dissipated in it. The output admittance is the complex
conjugate of this value of Y;.
The values given in Table 4.1 are obtained
in this way.
It will be noted that the output admittance in each case is equal to
the load admittance plus another term that represents the output admittance of the tube alone. In practice the amplification factor p is large
compared with unity, so that g~ and g~ are large compared with gP.
Also g~ is usually large compared with (G: + G,). Therefore the output
‘ is much larger than those of the
admittance of the cathode follower g~
grounded-cathode or the grounded-grid circuits.
The cathode follower
may be said to have a large electronic output admittance, just as the
grounded-grid circuit has a large electronic input admittance.
Voltage Gain.—The
amplification factor ~ is almost always large
compared with unity.
Therefore g~ is only a few per cent larger than g~
at most, and the voltage gain of a tube used as a grounded-grid amplifier
is only slightly larger than that obtained with the same tube as a groundedcathode amplifier.
The voltage gain of a cathode follower can never
exceed unit y, because g~ is always larger than g~.
Available
Power Gain.—In the definition of available power gain
W. an auxiliary load admittance Y; is employed as in the definition of
output admittance.
In this way W. is defined as the maximum power
that can be dissipated in Y; divided by the available power of the signal
source. Under the conditions that G. is large compared with g, and that
g~ is large compared with (G: + GJ, which are usually encountered in
practice, the available power gain of the grounded-grid amplifier is very
low, approximately equal to G~/G., which may be as small as unity.
While the voltage gain of such a stage may be large, its available power
gain is low because the input conductance is large compared with the
output conductance of the tube. Although the voltage gain of a cathode
follower is always less than unity, its available power gain may be considerably greater than unity because its output conductance is so much
larger than its input conductance.
However, as g: is considerably larger
than gP, the available power gain of the grounded-cathode amplifier is
considerably larger than that of the cathode follower.
Thus it will be
seen that in reducing the effect of second-stage noise to a minimum by the
use of a first stage having maximum available power gain, the groundedThe available power gain of
cathode connection is the most suitable.
the tube alone can be found by placing Yz equal to zero.
Single-stage Noise Figure.—The expressions for noise figure contained
in Table 4.1 have been based on the assumptions that transit time and
other high-frequency effects can be neglected and that the first stage is
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followed by other stages and an indicating device whose over-all pass
band is less than the bandwidth of the input circuit.
Also the effect of
In situations where the second assumpgrid current has been neglected.
tion is not valid, these expressions can be considered as approximations,
or, for exactness, the value of the noise figure averaged over the pass
band with respect to the actual power gain can be calculated.
In each case, the expression for the noise figure contains four terms
which represent, respectively, the contributions due to (1) the Johnson
noise of the signal source, (2) the Johnson noise of the input conductance
G,, (3) the shot noise of the plate current, and (4) the Johnson noise of
the load conductance.
Except for this last term, the three types of connections have essentially the same noise figure. Generally G./g~ is
small compared with Rm so that the contribution of the Johnson noise
of GL is virtually negligible in the case of the grounded cathode and
cathode follower.
However, the term GL/G~, which gives an approximate
value of the effect of the load GL on the noise figure of the grounded-grid
This effect is related to the low available
amplifier, may be appreciable.
power gain of the grounded-grid connection.
In any case the contribution of the load resistor is usually somewhat smaller than the contribution due to noise in the second stage.
Several conclusions can be drawn from the expressions for noise figure.
(1) The noise figure is a minimum when the susceptive component of
Y: + Y1 is zero, that is, when the total admittance in the input circuit is
purely conductive.
(2) The noise figure is lower when G, is made smaller.
Therefore, the noise figure is never improved by increasing losses in the
input circuit.
In the case of grounded cathode and cathode followers it can be seen
that the minimum noise figure is obtained with a value of G: that is larger
than Gl, the input conductance of the tube.
When the contribution of
G. is small and when R-is small, the value of G: that gives the minimum
noise figure is very different from Gl, and a considerable improvement in
noise figure can be obtained by a proper impedance mismatch.
However, it is obtained at the expense of gain. When R- becomes large,
the optimum value of G: approaches Gl; that is, the optimum impedance
In other words, when Rm is large, the noise
approaches a perfect match.
originates almost entirely in the plate circuit, and therefore it is necessary
to get the maximum gain at the input circuit to make the signal as large
as possible compared with the plate noise.
With grounded-grid amplifiers, the value of G: that gives a minimum
noise figure may be in theory either larger or smaller than the value that
matches the input conductance and gives maximum gain. However, in
practice, the value that gives maximum gain is very large and usually is
greater than that which gives optimum noise figure. Therefore, the
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direction of optimum mismatch is the reverse of that for groundedcathode and cathode-follower amplifiers.
If the effect of the load resistor is neglected, if g~/g~ is replaced by its
approximate value unity, and if the susceptive component of Y: + Y1 is
zero, the noise figure of all three connections is given by

‘=1+

(11)

W+GJ4’+91

The noise figure can then be expressed in terms of two parameters
G~/Gl and GIRm. The loss in gain due to mismatching the signal source
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to the input of a grounded-cathode
be expressed in terms of G~/G,:

as a

100

functionof mismatch.

or cathode-follower

amplifier can also

~ g,
w
w=m,

G:

()

1+2

2“

(12)

IT

Accordingly, both quantities are shown plotted against G~/Gl, in Fig.
4.3; different values of GIRm giving a family of curves for the noise figure.
It is to be noted that the optimum value of G~/G, approaches unity (a
However, at any value of G~/Gl the
perfect match) as GIRa increases.
noise figure is always increased by an increase in GIRm. The position of
minimum noise figure has been indicated on each curve by a short vertical
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For GIRW <<1 the optimum value of G~/G, is approximately
(13)

or
(13a)
This is the value given in Table 4.1 for the transf ormed input conductance
to produce minimum noise figure, with the additional approximation
GL/g~ << R- which permits neglect of the effect of the plate-load resistor.
In this treatment, wherein” the noise in later stages is neglected and
the bandwidth of these stages is assumed to be small compared with the
bandwidth of the input circuit, it is sufficient in choosing a tube to find
one in which the product of G1 and R.. is small, and either quantity may
be large provided that the other is small. The question of whether a
large value of R- with a small value G1 is better or worse than a small
value of R- and a correspondingly large value of G1 depends on the desired
bandwidth of the individual amplifier.
In a wide-band amplifier, the
admittance presented by the coupling network is usually large. Therefore, the input conductance of the tube itself has little relative effect, and
in this case a tube that has a low value of Rm but might have a relatively
large input conductance is to be preferred to one whose value of R= is
large and whose input conductance is small. With a narrow-band
amplifier the reverse is true.
A situation wherein the combined bandwidth of the later circuits is
wide compared with the bandwidth of the coupling circuit is to be avoided
if the optimum noise figure is to be obtained.
In such situations a reduction of the bandwidth of some circuit located in one of the later stages
will reduce the contribution to the output of the shot noise generated in
the plate of the first stage and by other sources further on in the amplifier
without reducing the contribution of the signal or the Johnson noise of
the signal source.
4.4. General Discussion of Feedback Effects.-The
introduction of
feedback produces changes in the bandwidth and gain of an amplifier but
usually causes little or no change in the noise figure. I The change of
bandwidth and gain can be represented as being due to change of input
admittance and, to a less important extent, a change in output admittance of the stages containing feedback.
One important consequence is
that in situations where it is impossible to obtain sufficient input circuit
] The effect on the noise figure has been treated previously by W. A. Harris,
“ Fluctuationsin Vacuum-tubeAmplifiersand Input Systems,” RCA ZLw.,V, 505–524,
April 1941, and VI, 115-124, July 1941. See also H. W. Bode, Network Arudysis and
Feedback Amplijier Design, Van N’ostrand,New York, 1945,pp. 34-35.
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bandwidth without the use of supplementary loadlng, much better noise
figures can be obtained by producing this loading by controlled feedback
than by the use of ohmic resistors. Another consequence is that when
feedback is present owing to unavoidable distributed parameters withka
the tubes, the noise figure is generally not affected in any serious way.
The lack of effect on noise figure may be illustrated by the case shown
Feedback can be introduced
in Fig. 4.4, in which B and F are amplifiers.
by closing the switch S so that some of the output of the amplifier B
In the diagrams
is transmitted through the network E back to the input.
the input and output of the various units are denoted by single terminals;
actually of course, they have pairs of terminals which may be connected
at a junction of three units either in series or in parallel.
The point J
represents an independent source of noise within the amplifier B, and
$’. and ~. denote the voltage gains between the input of B and J and

–El–
Signal
source

(A)

(c)

1

Amnllfier
i

Amphfier

‘D)

(n

(B)

FIG.4.4.—Blockdiagramof amDlifierwithfeedback.
between J and the output of B, respectively; @ is the voltage gain of the
If the following assumpnetwork E, which is generally less than unity.
tions are made: (1) the network E and the amplifier B transmit signals
only in the directions denoted by the arrows, (2) at all times the amplifier
B has sufficient gain to make sources of noise within amplifier F negligible,
and (3) the network E contains no sources of noise, it can be shown that
the introduction of feedback by closing S is the equivalent of modifying
the emf of every independent noise (or signal) voltage contained within
the loop, including those at the input and output, by,the factor 1/(1 – ~~),
where ~ = SOfjD is independent of “the location of the point J. Thus
signal and all sources of noise are modified in the same way, resulting in
no change in the noise figure or signal-to-noise ratio.
One situation that would not be covered by this argument would be
that in which there is a source of noise within the second amplifier F
that is coherent with a source in the first amplifier.
By proper choice
of the value of SD these sources could be made to nullify each other,
resulting in an improvement of noise figure. Among the sources of noise
that are of this type are those due to partition of the electron stream
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between the screen grid and plate in a multigrid tube.
At one instant a
fluctuation in the screen-grid current is accompanied by a fluctuation in
the plate current equal in magnitude but opposite in sign. By introducing feedback between the screen grid and the input of the tube, the
fluctuation in the screen current can be made to cancel the effect of the
fluctuation in the plate current.
Change of Impedance
Due to Feedback .—Next,
the change of input
admittance will be calculated for one common situation shown in Fig. 4.5.
One input and one output terminal of the amplifier are grounded, and
feedback is produced by an admittance YIZ connected between the
ungrounded terminals.
The total output admittance YZ consists of the
load Y. and the output admittance of the last tube in parallel.
The
transformed internal admittance of the signal source is Y: and Y1 repre-

T
:

—

FIG.4,5.—Amplifierwithadmittancebetweeninputand outputcircuit.
sents the rest of the admittance across the input (with YIZ disconIt will be assumed that YI is independent of YZ (an assumption
nected).
that is not valid if the amplifier consists of a grounded-grid amplifier
whose load admittance Y~ is small compared with its dynamic plate conductance g,).
The voltage gain of the amplifier with feedback is denoted
by S, without feedback by & The amplifier may contain any number of
stages, but it is assumed that at the center of the pass band the phase
angle between the input and output voltages is either zero or some
integral multiple of 180°. In the case of a single grounded-grid or
cathode-follower stage, it is zero; and in the case of a single groundedcathode amplifier, it is 180°. The total voltage across Yl, is then equal
to E,(1 + S), where the upper sign pertains to a phase angle of 180°
and the lower sign to a phase angle of zero. Ilj, the current flowing
through Yrz, is then
1,, = Y@,(l
f s).
(14)
The input current I, is the same as though an admittance Y. were connected in parallel with the input and the feedback through YIZ were
disconnected, where
Ye = *

= Y12(1 + s).

(15)
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The relation between S and C%can be found by writing the nodal equation
for the node c’ in each case:
12 =

Y,$@l

(s + 1)E1Y12,

+

and
It = YxLE,.
By equating these expressions,
~T~2
s .2’.
.,

Y12

(16)

l+IZ

The first term in the numerator is due to signal coming through the tube,
and the second term is due to signal fed from input to output through Y12.
By substituting this value of S into Eq. (15),

y

= Y12(1 *
,

@).

1’,,

l+X

(17)

If Ylt is small compared with Yi, the voltage gain is not altered appreciably by connecting in the feedback admittance, or S is very nearly equal
to E.
Therefore it can be concluded that the output voltage is modified by
the use of this type of feedback (1) by the change of loading on the signal
source which changes the input voltage, a relatively large effect, and (2)
by the change in voltage gain, usually a relatively small effect. This
change of loading on the input circuit changes the pass band.
If Y,,
averaged over the pass band, contains a positive conductance or a negative capacity, the bandwidth can be made to increase; whereas if it
contains negative conductance or positive capacity, it will cause the bandwidth to decrease.
If Y. = – (Y: + Y,), the circuit will oscillate.
The
change in voltage gain can be represented as though it were due to a
change in output admittance, and therefore it corresponds to a change in
the pass band of the output circuit.
4.5. Miscellaneous Types of Feedback and Their Effects on Noise.—
In this section various types of feedback and their direct and indirect
These topics will include the
effects on noise figure will be discussed.
cathode-follower and grounded-grid amplifiers considered as groundedcathode amplifiers with feedback, feedback through a capacity or a
resistor connected from the output to the input, and feedback due to
cathode-lead inductance.
Cathode Follower Considered
as a Feedback Amplifier.-The
cathode
follower is essentially a grounded-cathode amplifier with feedback caused
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by connecting the output voltage in series with the input.
This type of
feedback is of the general type covered by the discussion on noise figure
in the previous section, and, in fact, all of the assumptions therein are
completely satisfied.
Therefore, according to the result of this discussion the noise figure of the cathode follower should be the same as for
the same tube used as a grounded-cathode amplifier, a fact confirmed by
direct calculation as indicated in Table 4.1.
The Grounded-grid Amplifier Considered as a Feedback Amplijier.-T’he
grounded-grid amplifier can be considered as a grounded-cathode amplifier with feedback of such a nature that the output current flows through
the input circuit.
This type of feedback is not covered by the general
discussion of Sec. 4.4, and therefore it is not surprising that the direct
calculation of the noise figure gives a result (see Table 4“1) which is not
completely identical with the expressions for the grounded-cathode and
Nevertheless, except for the effect of the
cathode-follower amplifiers.
Johnson noise of the load, the expressions are essentially the same.
This type of feedback gives rise to an electronic input admittance
that, as can be seen from Table 41, usually contains a very large conductive component.
In fact, this amount of electronic loading is usually
much more than is made necessary by bandwidth considerations, and it
would be advantageous to trade some of the electronic loading for an
increase in available power gain, a quantity in which (see Sec. 4.3) the
grounded-grid amplifier is deficient.
Unfortunately,
this cannot be
done with this kind of feedback; but by the resistor-feedback and cathodelead-inductance feedback methods to be discussed later, it is possible to
control the amount of feedback so that no more electronic loading and no
larger reduction in gain are produced than is really necessary.
Feedback Produced by a Resistor between Input and Output .—The use
of a resistor between the grid and plate of a grounded-cathode amplifier
has been widely used as a means of increasing the over-all bandwidth of
an amplifier.
Thk subject has been discussed at length in Chap. 8 of
Vol. 18. It can be seen by examination of Eq. (15) that when Ylz consists of a pure conductance, Y, consists of a conductance at the center
frequency of the output circuit, whereas at other frequencies it contains
also positive and negative susceptances when the load contains positive
and negative susceptive components, respectively.
A. B. Macneel has
made an exact analysis of the noise figure of a single stage employing this
type of feedback.
In this analysis he has included the effects of_ the
Johnson noise of the feedback resistor and the load resistor. His result
for the noise figure at the center frequency (all admittances assumed to
be pure conductance),
assuming that the input loss conductance G1 is
1RL Group Report No. 61–10/1/45.
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signal source conductance G:,

2

l+G?

F=l+

R.G:

—
~_

(Shot-noise term)

G;,

9m

+

(Term due to Johnson noise of G,,)

(18)
1

+

(Term due to Johnson noise
of load resistor)
)

It can be seen by examining this equation that for small values of the
feedback conductance G,z, the noise figure is not altered.
However,
when GIZ approaches gn, the noise figure approaches infinity.
This
corresponds to a value of GIZ that gives zero gain, a situation that is not
very practical.
Consider a practical case. Suppose the tube is a triode-connected
6AK5 (g~ equal to 5000 Ymhos, g. = 200 pmhos, and equivalent noise
resistance R- = 500 ohms), that G: = 500 ~mhos, and that the voltage
gain without feedback is 10 (G. = 300 pmhos).
Then the noise figure
without feedback is (assuming G1 = O)
F = 1 + 0.25 + 0.00 + 0.006 = 1.256 or 1.0

db.

Suppose GIZ is selected to cause t~e input conductance of the tube to
match the signal source conductance G:. According to Eq. (17) the
The noise figure is then, from Eq.
proper value of Glz is 53 pmhos.
(18),
F = 1 + 0.309 + 0.123 + 0.007 = 1.44 or 1.6
db.
If the same amount of loading on the input circuit had been produced by
connecting an ohmic resistor across the input of the tube, the noise figure,
obtained by placing GI equal to G; in Table 4.1, is F = 3.02, or 4.8 db.
Therefore, by producing the loading by feedback, the noise figure deteriorates only 0.6 db from the condition of no loading; but if the loading is
produced by a resistor, the noise figure deteriorates by 3.8 db.
This value of G,, causes the voltage gain s to decrease from 10 to
9.0, and the available power gain is reduced from 20 to 16.2 db.
Feedback Produced
by Cathode-lead
Inductance.-It
has been shown
that feedback due to a cathode-lead inductance produces an input admit-
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tance of a vacuum tube that contains a conductive component. 1 This
type of feedback can also be used to load down the input circuit to widen
its bandwidth.
A. B. Macnee has
L 9P
calculated the noise figure for a
grounded-cathode
stage operated
,,
T
in this wayz (see Fig. 4.6).
c 9P
When the assumptions stated
G~ ;: below are fulfilled, it can be shown
- -Cpc
that the input conductance due to
Cpo’‘
this type of feedback is
LPO
L

J

4
FIG, 4.6.—.4mplifierwith cathode-leadinductance.

gmco.

G. = —-L,,

2’
q: +
[(

OJococ– &o

)1
(19)

or when L.o is small,
G, = c&L.oCo.g~

approximately,

(19a)

where g~ = the transconductance of the tube,
L., = the inductance between cathode and ground,
C,. = the capacity between grid and cathode,
uo = the angular frequency at the center of the band.
The assumptions are
1. The amplification factor of the tube is large compared with unity.
2. The load admittance connected from plate to ground is large compared with the admittance from plate to cathode.
3. The grid-plate capacity C.. has been neutralized by an inductance
LOPin parallel with it, having such a value that the two are resonant
at wO.
4. The inductance Ls between grid and ground satisfies the following
relation
dLs(cr. + C’oo) = 1,
where C.. is the grid-cathode capacity and C*Ois the grid-ground
capacity.
5. The inductance in parallel with the output L=, satisfies the following relation
u&,O(cpc + Cpo) = 1,
where Cr. and CPOare the capacities from plate to cathode
ground, respectively.

and

1 M. J. O. Strutt and A. Van der Ziel, l+oc. Z.R. E., 26, 1011–1I)32 (1936).
2 A. B. Macnee, RL Group Report h-o. 61–5/25/1945. Equations (19) to (22)
inclusivehave been taken from this report.
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From the exact expression, it can be seen that G. has a maximum value
when
(20)
Under these conditions, with the additional assumption that the
ohmic-loss input conductance is negligible, Macnee has shown that the
noise figure is
F = 1 + G:RW

(1 –

0JC,.L.0)2

+

wBC:.

[

‘$
.2

1

+ G2G:

– 9: [( ‘+”’QO%)+””4
where G: is the transformed signal source conductance
sum of G~ and gP.
The available power gain is

‘2’)
and Gt is the

w=
G;G,

[( 1 +’~”~i?)+-’l

’22)

Consider the same numerical example contained in the discussion of
feedback by a grid-plate resistor (gn = 5000 pmhos, g, = 200 ~mhos,
G. = 300 ymhos, R- = 500 ohms, G: = 500 ~mhos).’
Suppose that at
a frequency of 30 Me/see a value of cathode-lead inductance is chosen to
produce an input conductance that matches this value of the transformed
signal-source conductance G:. Equation (19) gives two values, 0.65 ph
and 1.74 ph. The former gives a noise figure of 1.0 db and an available
power gain of 13.2 db, and the latter gives a noise figure of 1.2 db and an
available power gain of 7.1 db. These are to be compared with values of
a noise figure of 1.0 db and an avaiiable power gain of 20 db with no feedback and a noise figure of 1.6 db and an available power gain of 16.2 db
with resistor feedback.
This type of feedback gives a somewhat better noise figure than the
resistor type, mainly because the resistor type introduces an additional
source of noise, the Johnson noise of the resistor. However, it is generally
not so well suited as a means of widening the pass band of the input
circuit. The loading is not symmetrical around the center frequency,
On the other hand, a certain amount
giving an asymmetrical pass band.
of this type of loading is inevitable at high frequencies, and this treatment
indicates that the effect causes no great deterioration of noise figure.
1This valueof G: equalto 500 pmhosis a little smallerthan is usuallyencountered
in practice at this frequency. Therefore the computed values of noise figure are
slightlybetter than are usually realized.
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The Effect of a capacity
between Input and Output .—In this case YIZ
consists of a capacitance C12. In the grounded-cathode amplifier, the
upper (positive) sign is used in Eq. (15), indicating that at the center of
the pass band of the plate circuit, the electronic input admittance Y.
This effect, called the Miller effect, is
consists of a pure capacitance.
well known.
At other frequencies the phase between the input and output changes, yielding a conductive component to Y., and the capacitance
decreases from a maximum at the center of the pass band of the plate
circuit.
If the circuit in the plate has an inductive susceptance, which in the
case of a parallel single-tuned circuit occurs at frequencies lower than the
center frequency, it gives rise to a negative component of input conductance (which in extreme cases can produce oscillation); whereas, when the
load contains a capacitive susceptance, a positive component of input
conductance is produced.
These effects produce an asymmetry in the
pass band that is undesirable, and the increase in capacity tends to lower
the gain-bandwidth product of the input circuit.
With triode tubes the
grid-plate capacity is relatively large, and these effects are serious unless
the voltage gain is very small. Therefore, it is desirable to neutralize
this capacity.
A. B. Macnee, in making an exact analysis of the noise
figure, has shown furthermore that even when the voltage gain is small,
some improvement in noise figure can be obtained by neutralizing the
grid-plate capacity, a conclusion that has been verified by experiment.
One method of neutralizing is to feed back to the input by an auxiliary
network containing a small condenser a voltage that is equal in magnitude
and opposite in phase to that which is fed back through the grid-plate
capacity.
The details of such networks have been known for many
years and can be found in textbooks on radio engineering.
A simpler
method, which can be used when the center frequency of the amplifier is
fixed, as is the case in an i-f amplifier, is to connect an inductance L 12in
parallel with the grid-plate capacitance Ciz such that LIZ and Clz form a
parallel-tuned circuit resonant at the center frequency of the amplifier.
In this case Y. is the admittance of a parallel-tuned circuit consisting of a
capacitance C12(1 + S) and an inductance L1z/(1 + S), and so is zero
at the band center. It must, however, be allowed for in any calculations
of the bandwidth of the input circuit.
Thus it will be seen that this type
of neutralization has not changed the bandwidth attainable in the input
circuit, though it has reduced power transfer from output to input circuit.
In the case of the grounded-grid amplifier S is usually large, and in
Eq. (15) unity can be neglected in comparison.
The effects produced,
which in this case is the capacity between cathode and plate, are
essentially the same as with the grounded-cathode amplifier, but because
the minus sign is used in Eq. (15), they are opposite in sign; Y, con-
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sists of a negative capacity plus a positive conductance with inductive
loads and a negative conductance with capacitive loads.
Usually, tubes
of either triode or multigrid types can be found that have small values of
C=., and with them these effects are small. In other cases it is necessary
to neutralize as with the grounded-cathode amplifier.
With the cathode follower, S is always less than unity although frequently near it. Therefore, as the minus sign is used in Eq. (15), the
increase of input admittance due to Y12 (which is connected from grid to
cathode) is very small and, when S is nearly unity, is negligible.
Consequently the cathode-follower connection affords a method of obtaining
a small input admittance.
A large portion of the input capacity of a
tube, when used in the grounded-cathode or grounded-grid connections,
In the cathode-follower connection the
is due to grid-cathode capacity.
effect of this grid-cathode capacity is nearly eliminated.
It is interesting
to note that with capacitive loads, the input admittance contains a
negative conductance, relatively small in magnitude.
Therefore it is
theoretically possible to make the cathode follower oscillate in spite of
the fact that its voltage gain is less than unity.
4.6. Selection of Tubes.—The selection of a tube for the input stage
depends on several factors, the most important of which for most applications is the equivalent noise resistance &, which is the measure of the
However, the availnoise produced by shot effect in the plate current.
able power gain also is of importance, of course, as the contributions
of later stages can be made negligible if the input stage has sufficient
gain.
In order to obtain a large available power gain the transconductance
must be large and conductance
connected across the input and output
must be small. In order to have small conductance across the input and
output in wide-band amplifiers, the input and output capacities must be
small to maintain bandwidth.
In the first stage a low input capacity is
particularly desirable,
Fortunately, as will become apparent from the
discussion of equivalent noise resistances later in this section, generally
speaking, a low value of the equivalent noise resistance is obtained when
the transconductance is high. In special applications, of course, other
properties may be of importance.
In triodes, the only source of random variations of plate current is
the shot effect, which is much reduced by space charge at the cathode.
In multielement tubes, there is an additional source, the random way in
which the electron stream divides among the elements, giving rise to
so-called “partition noise. ” Thus, if the sum of the currents to the other
elements has a fluctuation at any instant, it is accompanied by fluctuation
in plate current equal in magnitude but opposite in sign. When the
current flowing to these other elements is large, the fluctuation in plate
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current is especially large compared with that in a triode though the same
value of plate current is flowing.
The following equations’ for equivalent noise resistance of tubes are
a useful practical guide:
for triode amplifiers,
Rw = ~;

(23)

for tetrode and pentode amplifiers,

‘m

‘+2(:+%9

(24)

where Rw = the equivalent noise resist ante,
gm = the transconductance,
1P = the d-c plate current,
1.2 = the d-c screen current.
In Table 4“2 are shown values of equivalent noise resistances and
transconductances of common receiving-type tubes.
These values are
calculated from the nominal values of the transconductance and plate
and screen currents given in the RCA Tube Handbook or from the average
of the minimum and maximum values in the JAN-1A specifications.
Also average values of input and output capacitance are shown.
The
input capacitance does not include the effect of the grid-plate capacitance
(Miller effect), which in the case of triodes is a large effect.
In Table 4.3 are shown data on noise figures of various amplifiers
using various tube types.
The measured noise figures are nearly in
However, Table 4.3
accord with the calculated equivalent resistances.
indicates that the triode-connected 6AK5 is superior to the 6J4 in contradiction to the data in Table 4.2.
If the noise figures are calculated from values of equivalent resistance
and the values of circuit parameters, it is found that the experimental
values of noise figures of amplifiers using 6AK5’s agree with the calculated
values whereas those of amplifiers using other tube types are somewhat
worse. The reason for these discrepancies has not been explained.
One
possible explanation is the effect of grid current, which was not considered in these calculations.
The 6AK5 has a gold-plated grid, causing it
to have unusually low grid emission.
It can be seen from comparing triode and pentode tubes of the same
g- that the partition noise is a relatively large effect, which gives the triode
tubes an appreciable advantage, a fact that is confirmed by measurements
of noise figures as shown in Table 4.3.
Of course, there are wide variations in the equivalent noise resistances
I Equations (23) and (24) aretaken from the paperby W. A. Harris, RCA Reo., V,
505–524,April 1941.
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If a plot is made of cathode curof individual tubes of the same type.
rent vs. transconductance for a large number of tubes under fixed operating voltages, the points belonging to a majority of tubes lie close to a
TAULE42.-lkuIv.%LENT N“OISERESISTANCES
OF RECEIVING
TL-BES
Tube

g~, pmhos

1LE3
3A5*
6AC7
6AK5
6C4
6F4
6J4
6J5
6J6*
6SC7*
6SL7“’
6SN7*
7F8*
9002

855
1,800
11,250
6,670
2,200
5,800
12,000
2,600
5,300
1,325
1,600
2,600
5,650
2,200

1

I& ohms

1
‘Diode amplifiers

C,n,JqJf

2,920
1,390
220
385
1,140
430
210
96C
470
1,890

1>560
960
440
1,140

“0:9

!

C.u,,ppf

1,00

11.0
4.0
1.8
2.0
2.8
3.4
2.2
22
3,2
2,9
2.8
1.2

i:30
0.60
0.24
3.60
0.40
3.00
3.60
1.00
1.40
1.10

3.6
3.4
11,0
6,5
4.1
4.0
4.0
8.5
6.0
3.6

7,5
8.0
5.0
1.8
2.0
2.4
3.0
7.0
7.0
3.0

3,5
8.0
8.5
6.0
3.4

7.3
5,0
7.0
7,0
3.0

Sharpcutoff pentodes
lIA
1LN5
6AC7
6AG5
6AJ5
6AK5
6AS6
6SH7
6SJ7
9001

1,025
800
9,000
5,000
2,750
5,000
3,500
4,900
1,650
1,400

4)300
3,450
720
1,640
2,650
1,880
4,170
2,850
5,840
6,600
Remote cutoff pentodes

1T4
6AB7
6SG7
6SK7
9003

750
5,000
4,700
2,000
1,800

20,000
2,440
4,000
10,500
13,000

* Oneunitof a dual-tri
odetube.
definite curve, indicating that high cathode current and high transconductance usually occur together.
The equivalent noise resistance is
found both theoretically and experimentally to decrease as the transThis
conductance and cathode current increase along this curve.
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property of dependence of transconductance upon cathode current is
utilized toreduce thevariations in gain (and, asit turns out, in equivalent
noise resistance) by a scheme known as “d-c degeneration’’—the
use of
cathode bias resistors or large dropping resistors in the screen grid supplies. Thus theoperating transconductance tends to bereduced by the
less favorable operating voltages resulting for tubes with large current,
A small
whereas the reverse is true for tubes that draw smaller currents.
TARLE43.-NoIsE
Tube type
circuit *”

I

1st

2nd

6AC7
6AK5
6AK5
6AK5

6AC7
6AK5
6AK5
6AK5

6AK5
6AK5

II

6AK5
6J6
6J4
6AK5 6J6 1
{ 6AK5j
6J6
6J4
6J6
6J4
6AS6 6J4
~7F8 +7F8
6J4
6J4
6J4
6J4

FIGURESOF AMPLIFIERS*

Frequency,
Me/see

Bandwidth,
Me/see
3vernput
all

Win Ave

Max

1.5
6.0
3.0
16.0

3.4
2.6

4.4
4.5

,..

3.9
3.3
4,1
6.5

1,3
.,.

1.5
3.5

2.1

30
30
60
60

10.0

30
60

15.0
25,0

1.5
12.0

30

12,0

8.0

30
30
30
30
30
180

6.0
12.0
12.0

2.0
8.0
8.0
2.0
2.0

12.0
7.5

6.0
6.0

NToise
figure,
db-

.,.
.,.

c OP,
ppf

D.ol
0.05
,.,
1.2

2.2

1,2

2.0
2.2
2.2
3.0
2.0
5.5

3.6
3.6
1.2
3:2’

● Minimum
andmaximum
noisefiguresaregivenin caseof amplifierin production.In the
determination
of maximum
noisefinure.theworst5 Dercenthavebeennexlected.C.. k measured
inthecircuitsndreferB
to thefirsttube.
**Clrc”itI ~on8i8tB
of a grounded-cathode
pentodefollowedby a grounded-cathode
pentode.
CircuitH consists
of a grounded-cathode
triodefollowed
by a grounded-grid
triode. SeeFig.4.12.

number of the tubes are found to draw appreciably more current than the
value given by the curve, and an even smaller number are found that draw
less current.
The former are found to be particularly noisy.
In fact,
a tube with a medium transconductance and an abnormally large cathode
current is generally worse, especially when d-c degeneration is employed,
than a tube with a minimum transconductance and a normal current.
One possible explanation of such behavior is the presence of gas. Another
possible cause is a defect in the control-grid structure so that it does not
The tubes with
cover the entire useful length of the element structure.
abnormally low currents, on the other hand, usually have very low equiva-
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A possible explanation of their existence in the case
lent noise resistance.
of multigrid tubes is the accidental alignment of the wires of the various
grids, which tends to reduce the screen current and hence the partition
noise without reducim-z the transconductance.
The optimum oper~ting voltages are found, of course, by experiment.
In general, a tube should be operated to give as high a transconductance
As the input
as possible, which is done at large plate and screen currents.
stage is not required to handle very strong signals, the first tube may be
operated at moderately low plate and screen voltages, and a high transconductance can be obtained by the use of a low bias. However, if the
bias is too small, grid current will flow and it will cause the noise figure
to deteriorate, especially if the total conductance across the input of the
first tube is very small.
4.7. Coupling Circuits.-Some
of the features of the design of the
input coupling circuit between the mixer and the first amplifier stage will
now be examined.
The i-f admittance of a typical microwave crystal
mixer may be represented as that of a parallel circuit containing a capacitance that usually ranges from 5 to 30 ~pf, depending on the mechanical
design of the mixer assembly, and a resistance that may vary from 150
to 1000 ohms in extreme cases. The conductive component is a function
of the amount of LO power applied to the mixer, of the r-f tuning of the
For usual operating consystem, and also varies from crystal to crystal.
ditions, 300 ohms is a good average value to assume, with variations due
to interchange of crystals producing a range between 200 and 500 ohms.
For a conventional grounded-cathode amplifier the input admittance
is determined largely by the capacitance from grid to ground, which for
a tube such as the 6AC7 is of the order of 12 to 18 p~f depending on details
of the wiring and for a miniature tube such as the 6AK5 may range from
5 to 10 ~pf. The conductive component G, includes the effects of any
leakage resistance over sockets and wiring, the effects of dissipation in
the tuned circuits connected to the grid, and any transit-time loading
that may occur.
In this chapter transit-time effects are neglected.
For
a 6AC7 at 30 Me/see or a 6AK5 at 60 Me/see, this neglect is almost, but
not quite, justified, a fact that has the effect of making the actual value of
G, higher than would otherwise be expected.
The value of G: to produce minimum noise figure is given by
(13a)
Table 4.2 shows that the values of R- for different tubes range from about
300 ohms up to perhaps 3000 ohms for tubes useful in wide-band circuits.
The value of l/Gl may be expected to lie in the range of some tens of
thousands of ohms, so that the optimum value of l/G~ will be of the order, ~
..
‘\, $

\\
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of thousands of ohms. Thus the coupling circuit is called upon to produce an impedance transformation of the order of 10 to 1.
Two types of coupling network are particularly appropriate for use
here. These are (1) the autotransformer or mutual-inductance coupled
circuit with coefficient of coupling near unity and (2) the conventional

Et=@
:
lmt Fagxjijd
Signalsource

Signalsource

(a)

(b)

—

--m-l-t:

Iw

~Sigrd source

‘

‘“s

‘s

9“

Signalsource

z

(c)

(d)

-

Signalsource

(f)

(e)

()

I&

Signalsame

Signalsource

(9)

(h)

FIG. 4.7.—Coupling networks. (u) Single-tuned; (~) autotransformer;(.) autotransformerwith transmission-line
input; (d) mutual-inductancecoupled; (e) mutualinductancewithpush-pullinput; (j) self-inductancecoupledT; (g) self-inductancecoupled
r.
r; (h) capacitance-coupled
double-tuned circuit or mutual-inductance coupled circuit with coupling
near transitional.
The T or r equivalents of the latter may also be used.
One important difference between these two general types is found in
the effect on G; of a change in G.. In the circuits of Type 1 the changes
are in the same direction.
Thus if LO power is removed from the mixer,
causing G. to decrease, G: will also fall to a fairly low value.
If the i-f
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amplifier design is not good in regard to stability, this may cause oscillation.
On the other hand, a coupling circuit of Type 2 will cause G:
to increase under these conditions [see Eq. (37a)], which will usually
result in no instability.
The behavior of such a double-tuned circuit is
in many ways analogous to that of a quarter-wave section of transmission
line.
In Fig. 4.7 are shown various possible coupling circuits.
The first
three belong to Type 1, as given above, and the rest belong to Type 2.
These will be discussed now in somewhat more detail.
4.8. Single-tuned or Autotransformer Circuits.-The
simplest possible arrangement is that shown in Fig. 4.7a. Here an inductance L.
is used to form a resonant circuit with the capacitance associated with
the mixer and the tube in parallel.
It possesses no impedance-transforming properties, so that essentially G: = G.. In view of the preceding &cussion, it is seen that this is almost certainly not the appropriate value
of G: for good noise figure, so that this circuit is ordinarily of little use.
Since the mixer conductance G. loads the circuit down heavily, the bandwidth is quite ample for most cases. If applications arise where the
deterioration of noise figure is not prohibitive, this circuit has the advantage of extreme simplicity of construction and adjustment.
Impedance-transforming
properties may be given to the circuit by
tapping down on the coil as shown in Fig. 4.7b, thereby making it into an
autotransformer.
The value of L. is such that it resonates with C,, the
input capacitance of the tube, at the center frequency, and Lz resonates
with C=, the capacitance of the mixer. A quantity known as the current
step-down ratio will be denoted by n, and La will represent the inductance
measured between the tap and ground with L. short-circuited.
If a
current source I. is connected across La, then n is the ratio of 1. to the
current that would flow through a short circuit connected across L,.
The value of n is given by
(25)
where k is the coefficient of coupling.
If L, consists of a solenoid very long compared with its diameter, n
is equal to the ratio of the total number of turns to the number between
the tap and ground.
For a fixed value of n, La is smaller and has a larger
susceptance as k becomes larger. If the coupling coefficient is near to
unity n is approximately the voltage step-up ratio. The voltage at the
input, of the tube is the voltage that would be produced by a current of
strength 1: in a parallel single-tuned circuit consisting of a conductance
G, an inductance L, and a capacity C where
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1: = :,

(26)

G=~+Ga,

(27)

C=:+c,j

(28)

and
1
~+;”
~ = n2La

(29)

.

Also if
L*C. = L,C, = jo,
then
LC = ~,
~o

where WOis the angular frequency at resonance.
source conductance is

The transformed signal-

G: =~.

(30)

At the center frequency the input voltage to the tube is
E, =

‘1”
G. + nW.”

(31)

This has a maximum when
(32)
The bandwidth of the input circuit between the half-power points is
(33)
It also can be shown that the figure of merit or gain-bandwidth product of such a network relative to a simple single-tuned circuit with a total
capacity equal to C. + C, is n(C= + C,)/(C~ + n2C,). When nz = Ca/Ca,
this has a maximum value of (Cc + C.)/2 #CaC,, the ratio of the arithmetic mean to geometric mean, a quantity greater than unity.
The value of n that gives the minimum required bandwidth can be
calculated from Eq. (33), and also the bandwidth for the value of n that
gives optimum noise figure can be calculated.
By comparison of these
values, the correct value of n can be ascertained, and the tap on the coil
can be made accordingly.
This position of the tap should be checked
by noise figure and bandwidth measurements.
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A section of transmission line can also be used in place of Lz as in
Fig. 4.7c.1 An inductive (negative) susceptance of any desired value
can be produced by the use of the proper length of line (between zero
and one-quarter wavelength long with a short circuit at the far end or
between a quarter and a half wave long with an open circuit at the far
end).
Usually, lines with a short circuit at the far end are more convenient, as they afford a d-c return for the mixer-crystal current that can
be isolated from the d-c return of the tube by a blocking condenser.
The alignment of the autotransformer input network presents no
particular problem once the correct position of the tap has been ascertained.
The value of Lz, or the length of the equivalent section of transmission line, is adjusted by impedance measurements, but the adjustment
is not very critical.
Then a signal generator is connected, and L. is
adjusted to give maximum response at the desired center frequency.
Alternately, if Lz and Ca are disconnected and the signal generator presents a pure conduct ante to the network, L, is adjusted for maximum
response, and then C. and Lz are connected and Lz is adjusted for maximum response.
4.9. Double-tuned Lnput Circuits.—The circuit shown in Fig. 4.7d is
typical of the form assumed by a double-tuned input circuit.
The
primary is loaded quite heavily by the mixer conductance G.; but as
shown previously, any unnecessary loading on the secondary should be
avoided.
Therefore the Q’s of the primary and secondary will be quite
a blt different.
Furthermore, the ratio of bandwidth to center frequency
is not small, with the result that a detailed mathematical treatment is
For this reason a detailed development
both difficult and unprofitable.z
of the properties of the circuit will not be given at this point, but instead
necessary formulas will be quoted without proof.
Many of the parameters of the circuit are indicated on the diagram Fig. 4.7d. G. is the
conductance of the mixer Plus the conductance due to losses in the primary coil and capacitance, which is usually negligible in comparison with
the mixer conductance.
The capacitance of the mixer assembly plus the
distributed capacity of the primary circuit is denoted by C.. If a short
length of coaxial cable is used to connect the mixer to the main amplifier,
it may be treated as a lumped capacitance and included in Cc. La and L,
are the inductances of the primary and secondary coils, respectively,
measured with the other coil open-circuited.
The mutual inductance
between windings is M; G, lumps all the conductance
on the secondary
1This type of network has been used by tbe Bell TelephoneLaboratories.
zIn Chap. 6 there is a treatment of double-tuned circuits as interstagecoupling
circuits that summarizesthe factors necessaryfor the design of such 1ow-Qtightly
coupled circuits. There is also a somewhatmore detailed treatmentof this subject
in Vol. 18 of this series.
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side, including losses in the coil, leakage resistance, and input conductance
of the tube; and C, is made up of the input capacitance of the tube plus
stray wiring capacitance.
The coefficient of coupling k is given by the
usual expression

‘=&#
—

.

(34)

Certain of the formulas are expressed more easily in terms of quantities La. and L~~which are the inductances of the primary and secondary,
respectively,
measured with the opposite coil short-circuited.
The
following relations hold:
La. = LO(I – k’),
and
L,. = L,(l – k’).
(35)
The action of the primary circuit upon the secondary may be described
approximately in terms of an admittance Y: connected across the secondary side with the primary circuit removed, and conversely the action of
the secondary upon the primary may be described by a similar admittance Y:. If Y. and Y, are the total admittances of the primary and
secondary circuits, respectively, measured with the opposite circuit
shorted, Y: and Y: are given by
y; =
kz
Y&.Jacu2’ )
(36)

If all of the Y’s are written as G + jB, the following expressions hold:
(37)
(38)

(37a)

“=

‘(L..::u2G:)Ba
(38a)

This is the mathematical expression of the property of the double-tuned
circuit mentioned previously.
The voltage developed across the secondary E. is

(39)
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This may be thought of as the result of a current I: flowing through an
admittance (Ye + Y:) where

The relation that determines the pass band of the circuit is the absolute
magnitude of the transfer impedance E,/Ia as a function of frequency.
For the cases of practical importance this is too complicated to evaluate
and is best determined experimentally.
Since the theoretical analysis of the circuits actually useful for
coupling the mixer to the first amplifier stage is so complicated, it is a
practical necessity to adjust the circuits empirically, measuring both
noise figure and pass band, making small adjustments in the values of
the various circuit constants until both noise figure and pass band are
satisfactory. 1 A swept-frequency signal generator is almost indispenThe whole process of adjustment is
sable for observing the pass band.
easier if the initial values chosen for the circuit constants are approximately correct.
For this reason a group of formulas will now be given
that apply strictly only to the case where the bandwidth is small compared with the center frequent y. They do, however, furnish a useful
starting point for adjustment in the wide-band case.
The Q’s of the primary and secondary are defined by

and

where M is the angular frequency at midband.
by

For the value of k given
(41)

the coupling is known as cri~ical.

At this point
(42)

corresponding to a condition of impedance
increased above this value to

match.

If the coupling

is

(43)
the coupling is known as transitional.

For k < k,m,, the curve of transfer

1Some of the experimentaltechniquesfor measurementof noise figureand pass
band are treatedin Chap. 12.
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impedance against frequency shows only a single mammurn; for k > kt,..,,
> Lit.
there are two maxima.
If (& = Q,, k.,,, = k,,~~; but if Q. # Q., L~,
For the case of a grounded-cathode amplifier, optimum noise figure is
obtained with G: >> G, and Q, >> Q.. The degree of coupling is USU~llY
near to transitional and may be somewhat over or under this value.
In most cases Q, is large enough so that k,,~. may be written as
ktrm==

—l—..
Q. 42

(44)

The bandwidth at transitional coupling is approximately
(45)
At the midfrequency

the transfer impedance is approximately
~,2=;

Jp

as
and

G; _ Gacs

2ca“

(46)

(47)

It should be reiterated that these expressions are derived on the assumption that Q= is moderately large compared with unity and so represent
only a good starting point for experimental adjustment in the mixer–t~
Here Q. is likely to be in the range 1 to 5.
i-f –st age coupling network.
In the first trial design of such a network the values of the mixer
conductance G. and of the primary and secondary capacitances will
ordinarily be known.
From these, the primary Q may be calculated,
which, in turn, gives the coefficient of coupling for the transitional case.
In Chap. 6 curves are given from which may be obtained the proper frequencies to which to tune the primary and secondary in the absence of
the other circuit.
With these values, the primary and secondary inductances may be computed, so completing the trial design of the transformer.
The bandwidth and transformed signal-source conductance may then be
computed.
The effect of the variation in G. resulting from change of crystals and
variation of other operating conditions may be estimated from the
relations
(BE G.,
(48)
(49)
These are illustrated in Fig. 4.8 which shows experimentally obtained pass
bands for a circuit with fixed coupling and G. varied.
The primary and
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secondary capacitances are 25 and 7 WLf,respectively; the midfrequency is
30 Me/see, indicated by a marker pip on the pictures; and the secondary
Q is about 75. The circuit is designed to be transitionally coupled for

(d)

(c)

Frequency —

FIG.4.S.—Experimentally
obtainedpassbands.
I/G= equal to 300 ohms, at ~vhich point Q. is 1.7.
the four pictures are as follows:
a. $

= 200

ohms.

= 300
a
1
= 500
c“ G

ohms.

d. & = 1800
a

ohms.

.

b. $

The values of l/G. for

ohms.

In Fig. 4.9 the primary capacitance has been increased by 2 ~pf for the
condition
l/Ga = 300 ohms. The
.,,
!
peak of the response curve now occurs
at 32.5 Me/see, although capacity has
~
been added to the circuit.
For l/G.
~
equal to 200 ohms this amount of
~
detuning would have very little effect
,
r
on the response curve.
Frequency –
Mechanical Cons t r u c t i o n of a F,.. 4.9.—P,,, ban_ ..-— =...—-.,
detuned.
Double-tuned
Transformer.—In
the
actual construction of the transformer, the coupling coefficient maybe adj usted by impedance measurements by which the mutual inductance is
measured. If the ratio of bandwidth to center frequency is large, the
coupling coefficient must be large, which makes the design of the trans-
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former difficult.
In the treatment of the capacity-coupled ~-network in
Sec. 4.10 it will be seen that capacit y coupling is undesirable in wide-band
Thus it is necessary to achieve tight coupling between primary
circuits.
and secondary with a minimum of coupling through distributed capacities. Thus the terminals A and C in Fig. 4.7d should be isolated from
each other as much as possible.
Winding the primary on top of the
secondary or interlacing the windings is to be avoided.
Ideally, the
primary and secondary should be wound as though they were portions
of a single-layer solenoid, with the terminals in the following order: A, B,
D, C. To get as large a coupling coefficient as possible, it is necessary
to use a large-diameter form with close-spaced turns of fine wire. However, the fine wire tends to introduce losses, which in the secondary have
Such
an appreciable effect and cause the noise figure to deteriorate.
a transformer is also difficult to adjust and to duplicate in quantity.
The
equivalent II- or T-networks to be described later do not have these disadvantages.
Theoretically,
however, any coupling coefficient up to
unity can be obtained with the transformer, but with the 2’- or II-network,
the largest that can be obtained is v’C./Ca or 4C~/C,,
whichever is
smaller.
When moderate coupling coefficients are desired, the coupling due to
stray capacities can be reduced to a negligible amount by the arrangement shown in Fig. 13.6. Here the primary has been split into two coils
in series, with only the coil near ground being inductively coupled to
the secondary.
The effect of capacity between the windings is sufficiently
reduced by this construction to permit winding the one section of the
primary directly on the grounded end of the secondary.
This arrangement has the additional advantage that it is possible to make adjustments in one of the quantities La, L,, and k, which do not disturb the other
two quantities so much as when the primary and secondary each consist
of a single coil.
The arrangement shown in Fig. 4“7e was devisedl for connecting a
The capacipush-pull mixer to the input of a single-ended amplifier.
tive coupling is reduced to a minimum, and the same admittance to
ground is presented to both terminals of the signal source.
The secondary consists of two coils wound in opposite directions, adjacent to each
other on the same form.
The two near ends are connected together and
form the ungrounded terminal of the secondary.
The two far ends are
The secondary
connected together to form the grounded terminal.
coils each have twice the desired inductance, so that when connected in
parallel as indicated, they have the desired inductance.
The primary
coils are wound adjacent to the ends of the secondary.
When the values
I By C. P. Gadsdenat the Radiation Laboratory.
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are defined as indicated in the diagram, all of the formulas for the conventional single-ended input transformer apply.
There is no equivalent
T- or II-network which can be used to connect a push-pull signal source
to a single-ended amplifier.
Sometimes a push-pull signal source is employed to balance out one
source of incoming signal. An example of this is the elimination or
reduction of LO noise in crystal mixers by the use of a push-pull or
balanced mixer.
Because the balance is usually not perfect, it is desirable to reduce the remaining portion of the undesired component further
in any way possible.
One thing that can be done is to connect a network
between ground and the midpoint of the two primary coils that matches
the impedance bebween these two points presented by the primary.
This
will absorb a large portion of the remaining part of the in-phase component.
The value of this impedance Z, the impedance presented by
the primary, is given by the following expression which assumes that
the unbalance is small so that the interaction of the secondary can be
neglected:
~=~G.–jCaW
(50)
2 G? -I- C$u~ + ~La@”
4s10. T- and ~-networks.—There
are two other networks, known as
T- and H-networks, which may often be used as coupling networks in
place of a transformer.
T-network .—The method of selecting the correct parameters for the
T-network shown in Fig. 47j is first to calculate the parameters La,
L,, M, and k of the transformer that would be required and then to
employ the following equations:
La = LA + Lc,
L. = L, + Lc,
M = L,,

k = v’(LA

.

+ L%(LB + L.)”

(51)
(52)
(53)
(54)

It can be seen from Eq. (54) that when L. is small, the coupling is small
and, when Lc is large, the coupling is tight.
11-network.-The
values for the H-network shown in Fig. 4.7g can
also be calculated from the parameters of the equivalent transformer by
the use of the following relations:
(55)
(56)
(57)
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‘=d(++i(++
(58)

It can be seen from Eq. (58) that a small value of L. gives a large coupling
coefficient.
Maximum Coupling Coeficient-The
maximum value of the coupling
coefficient for either T- or II-networks that can be achieved without
introducing negative inductances is
Iii
(59)
is the reciprocal of the
(If C. is larger than C., the expression for kabove.)
In this case the T- and H-networks both degenerate into the
Where
same network containing two members, LC = LU and LB = L..
coupling coefficients greater than km are desired, a transformer must be
used. In situations where the T- or II-networks can be used, they are
Furtherusually to be preferred because of their ease of construction.
more, as they consist of self-inductances only, they can be wound with
heavy wire which avoids excessive losses. In cases where separate d-c
returns for the signal source and the tube are desired, the II-network is
to be preferred to the T-, for these returns can be effected through Lv and
L=, respectively, by inserting a blocking condenser at X in Fig. 4-7g.
To make a second d-c return with the T-network requires the addition
of a shunt choke as well as a blocking condenser or the use of a bifilar
winding for Lo. For coupling coefficients near to k- in the II-network
one of the coils Lu or L. becomes so large that it is difficult to construct
without adding distributed capacity.
On the other hand, LA or L,
becomes small in the T-network, thus making the T-network easier to
construct.
Capacity-coupled
11-network .-The
capacity-coupled II-network shown
in Fig. 4.7h is the equivalent of a transformer or inductive T- or II-network which would correspond to larger equivalent values of C= and C,.
These larger capacities reduce the figure of merit of the network not only
because they add to the total capacity but also because they tend to make
the ratio of the capacities become nearer unity, causing the ratio of the
geometrical mean of the two capacities to approach the arithmetic mean.
Thus as the figure of merit (gain-bandwidth product) is smaller with
such a network, it is not possible to achieve so small a value of the transformed signal source conductance with wide bandwidths, and therefore
poorer noise figures are obtained with it.
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Experimental data are available to confirm these statements.
A certain type amplifier which was produced in quantity used a groundedcathode 6AK5 pentode (7-ypf input capacity) in its first stage. It had a
bandwidth of 7 Me/see centered at 30 Me/see, and the signal source
admittance consisted of 300 ohms in parallel with 25 ppf. In the earlier
models a capacitive II-input with Cz equal to 10 ~Wfwas used. Later this
was replaced by an inductive II of the same bandwidth.
The average
noise figure improved by 1,7 db, which is in agreement with direct observations of the gain-bandwidth product for the coupling circuit, which was
found to increase by 22 per cent.
4.11. Alignment of Double-tuned-type
Networks.—In the alignment
of double-tuned circuits in wide-band amplifiers it is usually necessary to
examine the whole pass band with more than one amount of loading.
Thus a swept-signal generator is almost a necessity.
In Fig. 4.8 are
shown the pass bands of a correctly aligned double-tuned transformer
As the input conductance decreases,
with various amounts of loading.
the pass band changes from a sharp-peaked curve to a flat-peaked curve
and then to a double-peaked curve. A double-peaked curve can also be
produced at loose coupling or with large loading by mistuning either the
primary or secondary.
Ultimately, with a large mistuning, one of the
peaks can appear at such a remote frequency that it is beyond the range
of observation.
Without subsidiary information the observer has no
way of knowing whether a single sharp-peaked curve indicates a correctly
aligned network at loose coupling or is one peak of a very badly mistuned
network or whether a double-peaked curve belongs to a correctly tuned
network with overcoupling or to a slightly mistuned network with loose
coupling.
Thk subsidiary information can be supplied by observing the
pass band with various amounts of loading.
Methods for connecting the
signal generator and networks that effectively change the conductance
of the generator are described in Chap. 12. If the input conductance of a
parallel-tuned network is made very small, a single-peaked curve belonging to a correctly aligned network changes to a double-peaked one, but
that of the badly mistuned network does not. Therefore the first step
is to observe the pass band under the two extremes of loading.
Usually,
if the network has been designed according to the calculations that have
been described, it is found to be near enough in tune so that both peaks
are detectable with small loading, and at large loading a single peak is
In the event
observed in the vicinity of the desired center frequency.
that this is not true, it is necessary, of course, to retune whichever of the
This can be ascertained by connecting a
two circuits is badly mistuned.
smaU condenser first across the signal source and then across the input of
the tube. Usually at one position it does not affect the observable peak,
but at the other it causes a shift in frequency.
When it is in the position
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where there is no shift, it is in parallel with’ the circuit that is badly
mistuned.
Once the network is approximately in tune by this method, by small
successive adjustments it can be given the desired properties of bandwidth
and center frequency.
Usually each adjustment alters all properties
and requires changes in the other parameters, and therefore it is wise to
make only small changes at one time. When the network is completely
in tune, the center frequency should be independent of the conductance
of the signal source, and at transitional coupling the maximum should
With large bandwidths, especially
be flat and the curve symmetrical.
near transitional coupling and beyond it, the best measure of center of
frequency is the geometrical average of the two frequencies at which
the response has fallen by 3 db. At loose coupling or at high loading, the
frequency of maximum response can be measured accurately because
the peak is so sharp. This should agree with the geometrical average of
the half-power frequencies.
In Fig. 48b is shown the actual response curve of a double-tuned
circuit having very unequal Q’s, near to transitional coupling.
The
marker is set at 30 Me/see near the maximum of the curve.
Figure 49
shows the pass band of the same circuit except that the primary has been
detuned by changing the capacity from 25 to 27 ~pf. The marker is
still at 30 Me/see, where the response is the same as before.
The curve
has become unsymmetrical with a maximum response at 32.5 Me/see.
With a signal-source impedance of 200 ohms, very little effect was produced by an equal detuning.
It is evident, in the first place, that the
tuning in such a circuit near transitional coupling is very critical,
4.12. Tetrode and Pentode First Stages.—The conventional groundedcathode amplifier has a distinct advantage over the cathode-follower and
grounded-grid circuits in that it has a greater available power gain while
having essentially the same noise figure as the other two. Therefore
contributions of second-stage noise tend to be smaller with the groundedThere is, however, one
cathode amplifier than with the other types.
possible drawback to the grounded-cathode amplifiers, namely, the feedback due to the grid-plate capacity, which results in increased input
capacity and an extra component of input conductance.
At some freIf the input conductance is small
quencies this conductance is negative.
and if the gain, grid-plate capacity, and frequency are high, instability
arises. Of course, neutralization may be used; but if there is a strong
tendency toward instability, the neutralizing adjustment is very critical.
The grid-plate capacities of tetrode and pentode tubes (see Table 4.3)’
1The grid-plate capacities as given in Table 4.3 iuclude the distributed capacity
of the socket and \\iring. The value of 0.05 upf for the 6AK5 miniaturepentode is
considerablylarger than the value quoted by the manufacturersfor the tube itself,
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are usually sufficiently low to permit their use in conventional groundedHowever, with the 6AK5
cathode circuits without neutralization.
pentode at 30 Me/see and voltage gains of about 10, these effects are
sufficient to make an appreciable distortion of the pass band, 1 although
not so serious that instability is imminent or neutralization is necessary.
If either the gain or the frequency were increased by a factor of 5, this
type of feedback would give rise to considerable difficulty.
It is useful to write down the expression for the combined noise figure
of the first two stages, by substituting the value of the noise figure of the
first stage F, and the value of the available power gain of the first stage
from Table 4.1 into Eq. (1.3),

F,2=1+$+
a

~,

I

IK + Y112 ~m
+ ~,
a

[G.

+

(~z

–

1)(GL

+

gp)l

I

(60)

In Eq. (60) the load resistor is considered as part of the first stage, and
the noise figure of the second stage is Fz when it is connected to a signal
source whose conductance is GL + g~.
With the approximations stated below, the noise figure at the center
frequency of the input circuit becomes

’12=

1+2+

(G’+2G’[ReQ++(++

~=)l

‘60’)

where Rm, is the equivalent noise resistance of the second tube and ~ is
the voltage gain of the first stage. It is assumed that (1) the interstage
network is a simple parallel-tuned circuit at the same center frequency as
the input circuit and all ohmic losses in parallel with the input of the
second tube are considered part of GL, (2) the dynamic plate conductance
of the first stage g= is negligible compared with the load conductance GL,
(3) sources of noise in the plate of the second stage and beyond are neglected, and (4) GI << G:. With tubes of high figure of merit such as the
6AK5, 6AC7, and 6AG5, the voltage gain S is approximately 5 with a
single-stage bandwidth of 10 Me/see; therefore the last terms in the
brackets are unimportant unless the bandwidth is somewhat greater
than 10 Me/see.
It is theoretically possible to make the partition noise in the screengrid circuit nullify that in the plate circuit by the proper use of feedback
0,01to 0.02 u~f, and it is probable that it could be reduced by the use of supplementaryshieldingbetween the grid and plate terminals in the socket. The value
of 0.01 ppf for the 6AC7 tube (octal base) is in agreementwith values given by the
manufacturers,
indicatingthat thereis little distributedcapacity acrossthe relatively
largeoctal socket.
1Y. Beers,journal article in processof publication.
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produced by a series reactance in the screen-grid circuit.
In individual
experimental amplifiers at 30 Me/see it has been possible to make
improvements in the noise figure of the order of 1 db by selecting the
proper value of screen bypass condenser or by connecting a small inductance in the form of an extra inch or two of lead wire between the screengrid socket t~rminal and the bypass condenser.
Such effects are very
hard to control, and it has not been possible to manufacture amplifiers
in quantity in which the noise figure was consistently improved by this
kind of feedback.
On the other hand, some of the variations in noise
figure between amplifiers of the same type are probably due to the accidental existence of the correct screen-grid–circuit reactance in some of the
amplifiers and not in others.
4.13. Tnode Circuits.—Because
of their large grid-plate capacities,
triodes cannot be used in conventional grounded-cathode circuits unless
Under the usual conditions, this neutralizaneutralization is employed.
tion is very critical in adjustment, and therefore such circuits are undesirable. If the gain of the first stage is reduced, the neutralization
becomes uncritical in adjustment, but then second-stage noise makes an
important contribution to the noise figure. Alternatively, a groundedgrid or cathode-follower circuit can be used as a first stage. Under
conditions that are normally encountered these have little or no tendency
toward instabilityy. However, it was pointed out in Sec. 4,3 that it is
not possible to obtain as large available power gains with these as with
the grounded-cathode amplifier, so that second-stage noise is likely to
make an appreciable contribution to the noise figure. Therefore, when
triodes are used in the first stage, care must be given to the design of
the second stage, as well as of the first, and to reduce noise in the second
stage a triode should be used there as well.
In comparison with pentode circuits, the ideal triode input circuit
should have the following features: (1) The improvement in input-stage
noise figure which is theoretically possible should be fully realized in
practice; (2) the contribution of later stages to the noise figure should be
no greater than with pentode input stages of the same bandwidth; (3)
the circuit should be no more critical in adjustment than pentode stages
of the same bandwidth.
In other words, it should be possible to use
single-tuned circuits for all interstage coupling networks without, appreciable deterioration of noise figure. There are nine possible combinations
arising out of the fact that both the first and second stage may be connected as a grounded-cathode, grounded-grid, or cathode-follower stage.
If the bandwidth is narrow or if critical adjustments are tolerated, all
nine combinations give good noise figures. However, the only one that
fully meets the requirements stated above is the grounded-cathode
grounded-grid combination.
In it, the large electronic input admit-
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tance of the second tube loads down the interstage network so that a
large bandwidth is obtained without the need of an ohmic load resistor
and permits the maximum possible available power gain for the first
stage. At the same time, the output admittance of the first stage is
small, so that the noise figure of the second stage is good.
The first
stage has a voltage gain of around unity, so that there is little tendency
to instabilityy.
Grounded-cathode
Triode-Grounded-grid
Triode.—The
basic circuit
is shown in Fig. 4.10.1 The properties of this circuit can be calculated
r

I

v,

I
I
( ) 1;

Lx
Y;

+

c,
I

Y,

I
I
1

&

Y’

=

FIG.4.10.—Basicgrounded-cathode-grounded-grid
circuit.
from the properties of the individual
voltage gain is

stages given in Table 4.1.

The

(61)
where the subscripts 1 and 2 pertain to the tubes VI and V2, respectively.
As YL is usually considerably larger than the dynamic plate conductance
g.1 and g,z, the voltage gain is nearly independent of the properties of
Vz. If g-z is increased, for example, the voltage gain of V, increases,
but the input admittance of Vz increases, reducing the voltage gain of
VI by an amount that nearly compensates for the first effect. When
the tubes have identical properties, this expression reduces to
(P+

s = (P+

l)9m
2)YL +9*”

(61a)

The output conductance, including the load and assuming that the two
tubes have identical properties, is
(62)
It can be seen that the voltage gain is somewhat larger and the output
1The propertiesof this input circuit were discovered and its development wss
advancedat the Radiation Laboratory by H, Wallman, A. B. Macnee, and C. P.
Gadsden.
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conductance is smaller than the theoretical values pertaining to one such
tube used as a grounded-cathode amplifier with the same load GL. The
available power gain is
(/.I + 1) ’gAGg
(63)
+
YII’”
w = (~ + 2)[(/.I + Z)GL + Qp]lyl
As the amplification factor P is large compared with unity, and as the
dynamic plate conductance g. is generally small compared with the load
conductance G., Eq. (63) gives essentially the same value as would be
obtained by using one such tube in a grounded-cathode amplifier with
the load conductance GL.
The noise figure, assuming that the tubes have identical properties,
is given by
F = 1+:+

a

IYL +G;’I’Ra

[

1 + ‘9P:?’)21
9m

(64)
1

where B* is the net susceptance of Ca and La, which at the center of the
band is zero. This expre&ion neglects the Johnson noise of the load G..
If a similar assumption is made in Table 4“ 1, it can be seen that Eq. (64),
except for the last term which is due to the shot noise in V2 which in
practice is negligible, is identical with that for a simple grounded-cathode
amplifier.
Inasmuch as the available power gain is essentially the same,
the effect of Johnson noise in GL, as well as noise produced later in the
amplifier, is essentially the same in the two cases. Although neutralization of the first tube is unnecessary for stability, it is usually desirable,
the
as it produces a slight improvement in noise figure. However,
adjustment is not critical.
The noise figure does depend upon the careful selection of the tube
type and operating conditions of the first tube, but the choice of the
second tube and its operating conditions is relatively unimportant.
Furthermore, the second tube can be operated with a moderately low
plate current and transconductance with a saving in drain on the power
supply and an increase in tube life. A tube with a low cathode-plate
The 6J4 or one half of a
capacity simplifies adjustment procedures.
6J6 (with the grid and plate of the other half connected to ground) is
In cases where the cathode-plate capacity
the best choice in this respect.
is high, neutralization of the second tube may be necessary, but in such
cases it is usually uncritical.
A Practical Grounded-cathode-triode-GTounded-grid-triode Ampli@r.—
The circuit diagram is shown in Fig. 4.11, and photographs of the unit
are shown in Fig. 4.12a, b, and c. Thk unit was designed to replace the
first three i-f stages of a radar receiver that employed a 6AC7 groundedcathode-pentode input stage; consequently, the output and power connections are made through a built-in plug which plugs into the socket of
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The input cable which is attached
the third tube of the original receiver.
to the unit goes to the output of a crystal mixer. Except for drilling a
hole in the outer box of the original receiver for the feed-through fitting
of this cable, and except for the realignment of the interstage network
between V4 and the fourth tube of the original receiver, no alterations
in the original receiver were necessary to accommodate this unit. Data
on the noise figure of the original stage can be found on the top line of
Table 4.3, and data on the noise figure of this unit can be found in the
fifth line of the same table.
It can be seen that the use of this unit
resulted in an improvement of noise figure of between 2.0 and 2.5 db.
68
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FIG.4.11.—Circuitof amplifierwithgrounded-cathode-grounded-grid
input.
The design of this unit follows the principles described in this chapter.
There are a-few details that should ‘be n~ted. The input circuit ‘consisting of La and Ls is a degenerate T or 11 operating at slightly less than
transitional coupling.
(L1 is a choke which allows a separate d-c return
for the crystal.)
The first tube is neutralized by L,, which is selected to
resonate the grid-plate capacity of 1.2ppf. The use of neutralization of
the first stage causes an improvement of noise figure of 0.25 db. The
cathode-plate capacity of Vz, the grounded-grid tube, is 3.1 ppf, which is
quite high, and it was found desirable to neutralize through the use of
As a matter of fact, the use of LEi
LS, which resonates this capacity.
actually results in a net saving of one part. If Ls were not used, the load
resistance Rj would have to be connected on the other side of Cl in order
to serve as a means of completing the d-c circuit to the plate. In that
case two more parts, a bypass condenser and a decoupling resistor, would
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(a)

(b)

(c)
FIQ.4.1 2.—I-f inputunit, (a) side view; (b) top view,coversoff; (c) bottamview,covers
off.
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have been required at one em-l of R,. The d-c curre~$ flowing between
the cathode of Vz and ground follows a devious route: through RI,
which supplies grid bias, and then through L~, Ll, and L2 to ground.
The 6AK5 was selected primarily because of its excellent performance
with regard to noise figure as the first tube V1 and secondarily for its high
figure of merit as a conventional pentode amplifier as tubes VS and V,.
Its use as V2 in the grounded-grid stage was purely a matter of convenience to minimize the number of tube types required.
Had it not
been for this consideration, the 6J4 or 6J6 would have been preferred
because of their low cathode-plate capacity.
The adjustment of the neutralizing coils L4 and L6 may be done by
connecting a signal generator to the input, placing a tube with one heater
pin broken off in sockets VI and Vz in turn and adjusting Ld and LS so
that no output is obtained at the center frequency.
The output admittance of a grounded-grid tube depends upon the
Therefore, if a signal generator
admittance in parallel with the input.
with a large output conductance is connected across the input of Vz for
alignment of the inductance Lc., the tube will have a larger output conductance than with its normal input load, which is the output conductance of
VI. This effect is appreciable only when the dynamic plate conductance
g= of Vz is comparable to that of the load RZ In this case g, is about onethird the conductance of Rz. Therefore, the bandwidth of the interstage
circuit between V2 and Vs is approximately 1.33 times as large with the
signal generator connected across the input of Vt as it is in normal
operation.
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BY A. B. MACNEE

I

This chapter will be concerned with the problems of designing the
The r-f amplifiers
input stages or r-f heads of superheterodyne receivers.
that will necessarily be considered may equally well be used in TRF receivers. A block diagram of such an r-f head is shown in Fig. 5.1. The
number of amplifiers required will vary according to the gain per stage,
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ampllfler

Coupling
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R.f
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Coupling
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Mixer

I,

Intermediate
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1

n

i

Local
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FIG.5.1.—Blockdiagramof r-f head.

the bandwidth, and the noise figure required.
Because of the ease in
obtaining gain and selectivity in the i-f amplifier, the number of r-f
amplifiers to be used is determined primarily by the maximum noise-tosignal ratio and image response allowable.
The design of an r-f head can
be broken down into the design of coupling circuits, amplifiers, a mixer,
and a local oscillator.
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COUPLING NETWORKS

6.1. Two-terminal
Coupling
“s
E
Net work s.—Whereas
the basic
types of coupling circuits used at
these frequencies are the same as
L
those used at lower frequencies, they
FIG.5.2.—Parallel-tuned
RLC-network.
assume somewhat different forms
when each wire must also be considered as a transmission line. The
simplest and most commonly used type of coupling network is the paralleltuned RLC-network shown in Fig. 5.2. Its properties are discussed in
Chap. 6. As frequencies approach 350 Me/see, it becomes difficult to
~~~
R

it

L.T

I
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I
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use solenoidal coils for the circuit of Fig. 5“2. For higher frequencies,
sections of open- orshort-circuited transmission lines may beused for the
circuit elements.
To reduce radiation and stray fields, acoaxialtransmission line is usually employed.
A transmission line of length 1 and short-circuited at one end is
equivalent to a parallel-lumped circuit, as indicated in Fig. 5“3, for fre*
quencies in the neighborhood of the resonant frequency

j, .

‘_

27r~L’C’”
In Fig. 5.3
Gl=~Ol
Cl=gol
.=;;./

31”$enl$G
FIG.53.-Transmission hne used as tuned
circuit.

R’ = ~ Roll
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series resistance per unit length,
leakage conductance per unit length
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FIG.5.4.—Transmission-line
circuitswithcapacitancetuning.
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From Eq. (l), it is apparent that the transmission-line circuit can be
This is usually accomplished by shorttuned by varying the line length.
circuiting the line with a metal plunger, the position of which may be
varied.
An example of this is shown in Fig. 5“27. A transmission line
Two possible ways of accommay also be tuned by shunt capacitance.
plishing this, with suitable design formulas, are shown in Fig. 54a and
b. , It is assumed that the leakage conductance in both the shunt condenser and the transmission line is negligible.
5.2. Four-terminal Coupling Networks.—The simple parallel circuit
of Fig. 5.2 or its transmission-line analogues offer no impedance-trans0 forming properties and therefore can,
not improve the match between two
amplifiers or between an antenna and
the first amplifier.
These circuits
may be made into a transformer as
(b)
(a)
well by tapping down on the coil with
FIG. 5.5.—Impedance-trans
forming either the input or output terminal.
circuitsusing (a) coils, (b) transmsision
The general manner in which this
lines.
may be done with circuits using coils or transmission lines is indicated
in Fig. 5.5.
For circuits in which the coil has a large number of turns and a rather
uniform construction, the impedance stepup of this circuit is the square
of the turns ratio as in a common autotransformer (see Chap. 4). For
most vhf applications, however, the coils have shrunk to two or three
turns or perhaps to a piece of transmission line, and any attempt to
calculate the proper tapping point for a given impedance transformation
becomes involved.
The cut-and-try experimental technique is then a
more satisfactory approach to the problem.
Two other four-terminal coupling networks that behave very much
as a single-tuned circuit for small amounts of coupling are shown in
Fig. 5.6a and b.
Although these circuits do have impedance-transforming
properties,
in both cases the figure of merit is a function of the maximum transfer
impedance and approaches zero as the transfer impedance approaches
infinity.
This is to be compared with the parallel RLC-circuit where
the figure of merit remains fixed as the transfer impedance is made to
approach infinity.
The parallel RLC-network with a tapped coil also
has the good figure of merit of the simpler network as long as the tapped
coil approximates an ideal transformer.
Coaxial lines may be used for
inductances in both coupling circuits but with more difficulty in the circuit of Fig. 5.6a because neither side of the coil is grounded.
A still more
complex coupling circuit, which is feasible for the lower range of fre-
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FIG.5.6.—Four-terminalcouplingcircu,ts.
1
(m =
<L(C,

+ C,)

(z,,). =., ==+2

‘

=

dL(C,c +

C,)

‘W+Z)2

1
C*3
[ FM = 27r(c, + C’*)R d L,(C, + C,) 1
Theseexpressionsarevalid for

Fortheseexpressions
m is thefrequencyfor whichZL2is a maximum.
quencies at least, is the mutual-inductance-coupled
double-tuned circuit,
the various forms and properties of which are treated in Chaps. 4 and 6.
Adapting this circuit to use distributed line parameters presents
a problem, since either mutual
inductance or a floating inducti
ante (neither side grounded) is
always needed. A double-tuned
transformer designed for use at
200 Me/see is shown in Fig. 5.7.
Here the coils have shrunk to
single loops of wire positioned by
a grooved form, and the circuit is
tuned by trimmer capacities.
Thk particular circuit was deFIG.5.7.—Double-tunedtransformer.
signed as a band-pass antenna
filter to improve the image response of a receiver in the 200-Mc/sec
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AMPLIFIERS
The amplifiers to be discussed here are primarily r-f amplifiers.
Sufficient gain is used to satisfy requirements of noise figure and image
response, and the rest of the gain required is obtained ‘at lower freAmplifiers have been built for i-f applications with a midquencies.
frequency in the 200-hfc/sec region, but these differ somewhat in their
basic philosophy and are described in C’hap. 6. Here the trend in
stability and noise figure will be considered as the frequency is increased
from the normal i-f range to vhf.
GROUXDED-CATHODECIRCUIT
The most common type of amplifier is represented in Fig. 58.
The
grounded-cathode amplifier shown may be considered as either a triode
or a pentode in which the bypassed screen and suppressor grids have
been omitted.
6.3. Stability .—The limiting condition for oscillation in this circuit, if
the reactance are assumed to have the
values most conducive to oscillation,
is
*
PIG. 5.S,—Essential circuit elements
of grounded-cathode
amplifier.
For the special case of G, = G, = G, where the voltage gain g~/G is
written as $, the maximum allowable voltage gain per stage is
S2 = L“–.
7rfcop

(3)

Equations (2) and (3) give the oscillation conditions for a single stage
as shown in Fig. 5.8. If a number of such stages are cascaded, the maximum C’oPallowable becomes smaller and approaches 2GIG2/3ug~ for four
or more identical stages.
In actual amplifiers it is necessary that the point of normal operation
be considerably removed from the oscillation points indicated by Eq. (2)
or (3). In practice it is not desirable to allow CP~’to be larger than about
20 per cent of the value indicated by these equations.
With this assumption, the maximum gain vs. frequency is plotted in Fig. 5.9 for a number
of common pentode and triode tubes.
It must be remembered that these
curves indicate the maximum allowable gain for stability reasons and,
because of other limitations, do not necessarily represent realizable gains
with the tubes in question.
For a given tube structure and stage gain,
the stability of amplifiers is more or less inversely proportional to the
frequency,
This means that even in wide-band receivers at vhf, considerable care in shielding is required,
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6s4. Noise Figure.—Another consideration which is usually of greatest
importance is the question of amplifier noise figure. This has been
treated in Chap. 4 for the low-frequency case where transit-time effects
are neglected.
At the frequencies considered here, this neglect is no longer
permissible; hence the necessary extensions of the theory will be indicated.
They will be found to affect principally the input conductance G,; they ti’:a
make it larger than before and give
FIG. 5 10.—EquivalentInput circuit
it an effective temperature h~gherthan
for grounded-cathode
stage.
room temperature.
Calculation
of
the noise figure of a grounded-cathode amplifier may be done in terms of
the equivalent circuit shown in Fig. 5.10.
Here G: = input loading due to signal source,
GI = input loading due to tube and coupling circuits,
~ = 4kT,BG:,
~ = 4kTgBGl,
~z =
T, =
TO =
B =
k =

4kZ’,BR~, (see Eq. 4.7)
absolute room temperature,
the effective temperature of the grid loading,
noise bandwidth,
Maxwell 1301tzman constant.
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It is assumed in this analysis that the signal-to-noise ratio at the
center of the band is the only point of interest, and all reactance are
A more detailed analysis
considered to be tuned out at this frequency.
might be made by calculating the noise figure as a function of frequency.
The average noise figure of the amplifier could then be found by averaging this single-frequency noise figure over the usable amplifier pass band
It will generally be found that the noise
(usually between 3-db points).
figure so calculated is only slightly larger than the band-center noise
figure, Band-center calculations serve therefore to indicate the trends
in noise figure and usually give a good approximation to the average noise
figure over the band.
The details of the calculation of the average noise
figure are given in Vol. 18, Sec. 12.7. Considering then Section 1 of Fig.
5.10 the noise figure of this section may be written
T, G,
“=l+T,C”
The available power gain of this section is
G:
“=G,+G:
The noise figure of Section 2 will be
F, = 1 + R-(G,

+ G:).

Therefore, the over-all noise figure will be given by

(4)
It is of interest to determine what value of G: will make this noise
figure a minimum, since this is a quantity which can be adjusted through
The optimum value of G: is found to be
suitable input transformers.

“(opt)

‘A%=

(5)

6.5. Input Loading.-There
are two primary sources of input loading
in a grounded-cathode tube. One is due to the cathode-lead inductance
and has been treated in Chap. 4. Equation (4.19a) gives the loading so
produced:
(4. 19a)
G.. = u2L.Co.g~.
Fortunately since the equivalent temperature associated with this
loading is considerably less than room temperature, its influence upon the
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noise figure and optimum G: is not so great as might otherwise be expected.
Loading of another type is caused by circuit losses of which the most
important part is usually due to series-loss resistance in the circuit
inductances.
As the frequency of operation is increased, the equivalent
shunt conductance will increase according to some power of the frequency.
Alternative reasonable assumptions about circuit behavior give a dependence on either the first or the three-halves power of the frequency.
A last and most important type of loading that becomes evident at
vhf is that due to electron inertia or transit time. This problem has
been dealt with in considerable detail by Llewellyn, 1 and some of his
results will be summarized here. The equivalent shunt input resistance
for a pentode operating in Class A with its screen bypassed to the cathode
is given by the expression

(6)
where A
B
C
M
rP

=
=
=
=
=

9 + 44h + 45h2,
51h2 + 123ha + 55h’ + 3W,
45h’ + 51h’ + 24hb + llh7 + 3ha,
$(Y – h’)(1 + h) – h2(2 – h’),
plate resistance,

PO= amplification factor,
O== cathode-grid transit angle,
and
~=?
Xcg’
h=$
w
Z.@ = cathode-grid spacing,
ZO, = grid-screen spacing,
t., = cathode-grid transit time,
t., = grid-screen transit time.
For a given set of operating conditions,
following expressions:
2

v.=J(gwcy

h is determined

volt%

1 F. B. Llewellyn, Electron Inertia Effects, Cambridge,Imndon, 1941.

from the
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and 8. is given by
0. = –4.3

x lo-’j

()
y

$5
radians,

,

where j = frequency,
1. = cathode current, amp per square centimeter.
In calculating Eq. (6) Llewellyn assumes that the tube has parallelplane electrodes and that a condition of complete space charge exists
between the grid and the cathode; that is, the electrons at the cathode
have zero initial velocity and acceleration.
This loading has been observed to have an effective temperature of
about five times room temperature. 1 As a result, it is very harmful to
the noise figure and has a marked effect upon the optimum signal concmctance as indicated by Eqs. (4) and (5).
5.6. Behavior of Noise Figure with Increasing Frequency.—To
investigate in more detail the trend in noise figure as the frequency is
increased, the signal conductance G: may be eliminated from Eq. (4)
by substituting its value as given by Eq. (5). The resulting expression
for optimum noise figure then becomes

It is apparent here that the optimum noise figure at band center is a
function of only two things, the product of the equivalent noise resistance
and the input loading due to the tube and the ratio of the effective temperature of that loading to the room temperature.
If the majority of
the input loading of the tube is due to transit time, the ratio of (l’’o/T,) is
found to be about 5, With this assumption, the optimum noise figure
has been plotted in Fig. 5.11. Here it is seen that for values of (R~GJ
less than 0.1, the expression for optimum noise figure may be written
approximate y
F,z

(4b)

‘l+2-

Since the tube input loading, whether due to lead inductances or
transit time, is proportional to the square of the frequency, Eq. (4b) may
be rewritten
Ii’,, = 1 + ‘f
where

J

~

(R-k)

(4C)

G, = k~.
Thus
F,, – 1 = h-f.
] D. 0.

\-ortll

and t~. R. I.”(,rri.s.Pmr. ~.R. E., p 49,

(4d)
IJet>ruary

1941.
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Exact:F=l+2z+2~z,
+ 5Z
wherez = R-G,.
Approx.l: F=l+2z+2fi
G, = kd.
co = 5.
Approx.2:F = 1 +2 &
T,
The followingvaluesof the constantsare approximatelyvalid for the tubes indicated.
Tube
6AK5(T)
6AK5(P)
6J4

R_, ohms k, pmhosper Nfc/sec2

300
2500
300

0 0157
0 0157
0 0281

{

Rw = 400
G,=0,018f2/nnt
osper(Mc\sec)2
T,/~. = 5

.XJ.

..lW

.. .
150

200

Frequency in Me/see

F,Q.5.12.—Minimumexcessnoisevs. frequencyfor 6AK5.

2;0
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This last equation illustrates clearly the deterioration in noise figure
that may be expected with increasing frequency for any given tube.
Plots of Eq. (4d) for a 6AK5 connected as a triode or as a pentode are
given in Fig. 5.12. For these plots the assumption was made that the
equivalent noise resistance of the tubes does not vary with frequency,
and the value of k used was calculated from Eq. (6).
The general trend as one goes to higher frequencies is for the minimum
attainable noise figure and optimum signal conductance to become larger.
These effects are reduced by tube designs that minimize cathode-lead
inductance and electron transit time, but this is limited by the point where
the tube elements become too small to manufacture and assemble.
6.7. Gain Attainable at Increasing Frequency.—The
fact that both
the transit-time loading and the feedback loadhg increase as the square
of the operating frequency also affects the maximum gain available from

G,

o
=
FIQ.5.13.—Cascadedamplifierstages.
a stage. Consider the case of cascaded grounded-cathode stages, each
having an input conductance GI and an output conductance Go and interconnected by some sort of a lossless transformer, as shown in Fig. 5.13
where T1 and Tz are the amplifier tubes.
The input power to a stage is
Pi = e~Gl,
and the available output power of the stage is

p. = —
(%e.) 2.
4G0

Therefore, the maximum power gain possible from the stage is
wm=$’x~.
o

G,

(7)

This varies inversely as G,, which at high frequencies may be written by
use of Eqs. (4.19a) and (6) as follows:
G1 = G=. + Go = ~2gtn(LcCgc+ k’)
= K@Jgm.

(8)
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With thk value of G,, Eq. (7) becomes
w.

= —. 9nl
4K1U2G0

(7a)

Since the minimum attainable value of GOis the dynamic plate conductante g=, this may be written
P
w m. =
4K1u2”
The condition W= = 1 sets one upper limit to the frequency at which
The upper-frea given tube can be successfully used as an amplifier.
quency limit thus obtained will be ‘the most optimistic one possible
because it is determined on the assumption of ideal interstage transformers and does not consider any limitations on amplification other than
input loading.
Another upper-frequency limit for a tube is the frequency
at which its cathode-lead inductance resonates the grid-cathode capacity
of the tube.
For a 6AC7 this resonant frequency is 254 Me/see, and for a
6AK5 it is about 500 Me/see.
Three limiting frequencies have now been given.
In actual practice,
the upper limit of operation will be considerably lower in frequency than
This is true partly because of
any of these calculations would indicate.
the simplifying assumptions made in the calculations and partly because
other considerations, such as the fact that the transconductance of a
tube becomes complex at vhf, have been omitted.
These calculations do,
however, serve two very useful purposes.
(1) They clearly indicate
trends that will be encountered as amplification at higher and higher
frequencies is contemplated, and (2) they afford a basis for comparison
Some practical amplifiers will now
among the various available tubes.
be considered.
5.8. Typical Amplifier.-The
circuit diagram of a typical pentode
amplifier operating at about 200 Me/see is shown in Fig. 5.14. No
matching transformer has been used in the interstage circuits of this
amplifier, since the performance obtained with the much simpler singletuned coupling circuit is sufficiently good to meet the requirements.
With this interstage circuit, however, the maximum power gain per stage
becomes
2
w=
=
(9)
(G, YG,)”
which is somewhat smaller than the power gain possible with matching
as indicated by Eq. (7). With pentodes such as a 6AK5, it should be
possible to get some gain from an amplifier of this type at frequencies up
to about 450 Me/see.
The noise figure for a pentode deteriorates so
rapidly with increasing frequency that it has not been found profitable
to use such a circuit with 6AK5’s at frequencies much above 200 Me/see.
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FIG.5,14.—2OO-Mc/secpentodeamplifier.
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The noise developed in a pentode amplifier is sufficiently confused even
at low frequencies to defy quantitative treatment for other than the
simplest cases. At vhf the noise problem is even more confusing; the
best information possible, therefore, is that obtained by experimental
investigations for each particular tube type.
Figure 5.15 gives a plot of
experimentally observed noise figures for various amplifier tubes, including a set obtained with 6AK5 pentode amplifiers having a bandwidth of
approximately 2 Me/see and center frequencies from 5 to 200 Me/see.
At vhf the equivalent noise resistances of triodes or pentodes will in
generaJ become larger than the values given in Chap. 4. It is experimentally observed, however, that the noise figures of pentode amplifiers
deteriorate at a considerably greater rate with frequency than do the
It seems intuitively reasonable that
noise figures of triode amplifiers.
this is due to the more complex structure in a pentode which, at frequencies where mutual and self-inductances of even short leads are
appreciable, results in many uncontrolled feedback paths.
To illustrate
thk comparison, the observed noise figure for a two-stage grounded-grid
triode amplifier is also plotted in Fig. 5.15.
GROUNDED-GRIDCIRCUIT
5.9. Stability.-The
elementary circuit and many of the properties
of grounded-grid amplifier circuits have already been described in Chap.
4. The oscillation condition in this circuit is found to be
(lo)
where

9:

=

g.

For the special case
G,=
writing g#G
$>>1,

G,=

()

/.b+l .
—
P

G>>;J

as $, the maximum allowable voltage gain per stage is, for
(11)

Comparison of this expression with Eq. (3) shows that the maximum
plate-cathode capacity that can be tolerated in a grounded-grid tube for a
given stable gain is considerably greater than the plate-grid capacity
that could be tolerated in a grounded-cathode stage having the same gain.
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A single curve for a 6J4 grounded-grid triode has been plotted in Fig.
5“9. In this manner, it is possible to use triode amplifiers at frequencies
A few tubes especially designed for
all the way up to 1000 Me/see.
grounded-grid operation at vhf are shown in Fig. 5.16.

FIG.5.16.—High-frequency
triodes. (a) SB-S46;(b) 6J4; (.) 446-B.
5.10. Gain.-For
grounded-grid amplifiers operating with moderate
transit angles (up to about 55°) Llewellyn’s equivalent circuit shown in
Fig. 5.17 may be used. The transit-time loading will be written as a shunt conductance
proportional to the square of the frequency and
having an equivalent temperature of about
G:
C~,
five ~mes room temperature.
The maximum
available power gain for the grounded-grid
m
=
circuit is
FIG.5.17.—Equive.lent
cir#+1
21
cuit for grounded-gridamw—
(12)
plifier.
‘U=
( M+l
)- rPG,
where p = amplification factor,
TP = plate resistance,
G, = transit-time loading plus coil losses,
and

NOISE FIGURE
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Comparing this with Eq. (7) it is evident that the ratio of maximum
available power gain for grounded-cathode and grounded-grid amplifiers
is
Max. grounded-cathode gain =
p
Max. grounded-grid gain
() y+l

‘(M

+ 1)’
4“

(13)

Thus as the transit-time loading becomes comparable to the transconductance of the tube, the advantage of the grounded-cathode circuit
over the grounded-grid circuit becomes smaller and smaller.
Fhally,
for very large transit-time loadings, the maximum available power gain
is the same with either circuit configuration.
5S11. Noise Figure.—The noise figure of the grounded-grid circuit
with transit-time loading, if the noise from succeeding tubes is omitted,
is given by
2.5gm
~2G:+2G,
(
gm+—

F=l+~
“
()

+$.

(14)
a)

Tp

The value of G: that will make this optimum is

“(opt)
=+=%

(15)

This result is the same as was previously found for the groundedcathode circuit and given in Eq. (5). Thus, as long as noise from
succeeding stages is negligible, the
grounded-grid amplifier compares
favorably with the grounded-cathode amplifier.
The importance
of this second-stage noise will, in
general, depend upon the over-all
bandwidths being considered as
well as upon the frequency of
operation.
An actual 200-Mc/sec
two-stage
amplifier
using
grounded-grid
6J4 tubes is described in some detail in Chap.
17. A single-stage grounded-grid
b
F1~. 5,18.—Grounded-gridamplifier for
amplifier for operation at 500
500 Me/see.
Me/see is shown in Fig. 5.18.
The tuned circuits are brass straps. They are typical of what may be
anticipated in the transition region between lumped- and distributedcircuit parameters.
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GROUNDED-CATHODE
GROUNDED-GRIDCIRCUIT
In Chap. 4 a circuit has been described using two triode stages, the
first a grounded-cathode
and the second a grounded-grid stage. At
200 Me/see, thk circuit has been found to give an improvement of 1 db in
noise figure over an amplifier using two grounded-grid stages (the amplifier described in Chap. 17 and shown in Fig. 17.4). The tubes used are
6J4’s in both cases, and the bandwidths are 4 Me/see.
At higher frequencies or with narrower bands, the difference in noise figure should
decrease.
MIXERS
Although the r-f amplifiers and coupling circuits described in previous
sections are common to both TRF and superheterodyne receivers, the
mixer is found exclusively in superheterodyne circuits and contributes
considerably to the complexity of a circuit of this type.
A superheterodyne converter may be broken down into two parts: a local oscillator
which supplies a high-level voltage at a frequency differing from the
signal frequency by the intermediate frequency and a mixer which combines the LO and signal voltages to give an i-f voltage.
Although at
lower frequencies the mixer and local oscillator are often combined into a
this technique is seldom feasible at
single tube called a “converter,”
vhf. The primary difficulty lies in obtaining satisfactory operation of
the oscillator portion of converter tubes at such frequencies.
5.12. Conversion Transconductance.-Of
primary interest among the
characteristics of a mixer stage are its conversion gain, noise figure, and
excitation requirements.
The conversion gain is defined as the ratio of
the output voltage, current, or power at the intermediate frequency to
the input voltage, current, or power at the signal frequency.
A quantity
that is often of greater usefulness is the conversion transconductance,
which is defined as the quotient of the i-f output current and the signal
input voltage.
In considering the design of a mixer stage, it is desirable
to know the maximum value of conversion transconductance that may
be expected from various types of tubes and the amounts of LO power or
If the mixer is to operate
voltage necessary to obtain thls optimum.
with little or no previous r-f amplification, it is also desirable to know its
i-f noise output.
Conversion transconductance of any tube is determined by considering the modulation of the LO frequency by the signal inside the tube. 1
The general type of analysis that will be given here may be applied to
any type of tube.
If the signal voltages are assumed small and the LO
11?, W. Herold, “ Superheterodyne Converter Considerations in Television
Receivers,” RCA Rev., 4, 324, January 1940; l?. W. Herold and L. Malter, “ Radio
Reception at tlHF,” Proc. I. R.E., 31, 567, October 1943.
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voltage large, the transconductance from the signal electrode to the output of the mixer tube will be a function of the LO voltage alone. This
transconductance may, therefore, be considered as varying periodically
at the LO frequency and can be written as a Fourier series:
gti=aO+

alcosm+a2cos200t

+.,

(16)

where COO
is the angular frequency of the local oscillator.
If a small
signal e. sin d is applied to the signal electrode, the resulting alternating
plate current will be given by the expression
tP = g~e, sin w.t
.
= aOe,sin u,t + e,

a. sin u,t cos ncOOt

2
n=l
.
= aOe,sin ud + ~e,

a. sin (u, + ntio)t
z
n=l
.

+ ~e,

an sin (W — nu~)t,
z
n=l

(17)

where only the first-order terms in e, have been retained.
If the intermediate frequency is to be lower than the signal frequency, the plate
circuit of the mixer must be tuned to the frequency (u, — rmo). As n
may be any integer, the intermediate frequency may be chosen equal to
the signal frequency minus any multiple of the LO frequency.
This is
true even if the LO signal is a pure sine wave, since the harmonics are
introduced by the time variation of the signal transconductance.
The
conversion transconductance is given by
(18)
where a. is the coefficient of the Fourier series of Eq. (16).

1

gm
9’”=%

Therefore

277

cos nodd(ud),

(19)

[o

where n will be equal to 1, 2, or 3, depending upon whether the plate
circuit of the mixer is tuned to (co. — 00), (w — 2COO),
or (o. — 3~0). If a
curve for the variation in g~ with oscillator electrode voltage is available,
it is possible to assume an applied oscillator voltage and obtain a curve of
signal transconductance vs. time which may be used to evaluate the integral of Eq. (19) either graphically or by approximate methods.
One such
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approximate methodl which will give results of sufficient accuracy for
many purposes is to assume a sine-wave oscillator voltage and carry
through an analysis at 30° intervals by assuming straight-line connections
between these points.
This procedure is indicated for a typical transconductance curve in Fig. 5.19. If a diode is being analyzed, this curve
a!

-+4E

!

I \

—. I

.E

Oscillator voltage
(a)

~
;

?

-.
}+1
:g_

__

“w

~o
G

Time

9,

(c)

FIG.

5.19.—Graphicalcomputationof conversionconductance.

would be the diode conductance vs. voltage; whereas if a triode or pentode
is being considered, it would be the curve of grid-plate transconductance
vs. grid voltage (assuming grid injection of the local oscillator).
From this method, the conversion transconductances
for the first,
second, and third harmonics of the local oscillator are
% = *[(g7
9.2 = +[29,
9.2 = +[(97
1Herold, 10C.cit.

– gl) + (gS – ga) + ~
(g6 – gz)],
+ %(93 + 95 – gG – 92) – (97 + 91)1,
– 91) – 2(96 – 9s)1.

(20)
(21)
(22)
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These expressions will be reasonably accurate for values of g,, but will
be less reliable for g., and g,,. To obtain accurate results for these higher
harmonic conversion transconductances, a more careful integration would
be required.
It is apparent from Eq. (20) that for maximum conversion
transconductance it would be desirable to have g,, gz, and ga all zero and
gs, gc, and gT a maximum, or vice versa. From Fig. 5,19 it is apparent
that thk means that it is desirable to operate the mixer with the oscillator voltage swinging the transconductance into cutoff for an appreciable
portion of the cycle and to have the slope of the transconductance curve
a maximum in the region of operation.
5.13. Noise Output.—A seccnd property that will be of interest in
considering different types of mixer tubes is the fluctuation noise that they
From previous analyses,’ the mean-squared
contribute to the circuit.
noise current in the output of diodes, triodes, and pentodes can be determined as a function of transconductance and currents in the tube.
These
mean-squared output noise currents, denoted by z~, must be averaged
over the LO cycle to determine the resulting output noise of a mixer
stage,
(23)
The equivalent

noise resistance of a mixer tube will be
(24)

5,14. Diode Mixer.—A
typical diode-mixer circuit is shown in
Fig. 520.
This circuit may be divided into two equivalent circuits, one representing the circuit as seen from the input or LO terminals and the other
These equivalent
representing the circuit as seen from the i-f terminals.
circuits are shown in Fig. 5.21a and b respectively.z
It will be assumed that the diode-conductance curve is the same for
This amounts to neglecting transit
intermediate frequency as for vhf.
times in the diode.
Then from Fig. 5:21a it is apparent that the input
1B. J. Thompson, D. O. North, and W. A. Harris, RCA Rev., 5, ApriJ1941.
2This is really an oversimplificationin the case of the diode mixer, because the
input and output circuits interact to a greater degree than the analysis suggests.
A complete treatmentwould have to include the remixingof the i-f output with the
LO voltage to produce new voltages at both signal and image frequencies. Such a
Series, for the c~e of the
treatmentmay be found in Vol. 16, Radiation Laboratory
crystal rectifiersused in the microwave region. Herold and Malter, op. cit., have
consideredthe interaction of the i-f circuit with the input but have not brought in
explicitly the behavior of the circuits at the image frequency.
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power to the diode is
pi = el~d,
where Z is the average value of the diode conductance
that is,

From Fig. 521 b, the available

over the LO cycle;

output signal power of the mixer at

+
Bias

FIG.5 20,—Typicaldiode-mixercircuit.
Signal

l-f
output

awl
T

T

gw ed

il)n

ed

Lo

~

-1-

(a)
(b)
~1~,5.21.—Equivalentcircuitsfor diodemixer.

the intermediate frequency is
PO = (9c.ed)2
4~ “
Thus the maximum available conversion gain of the mixer is
(25)
since the conversion transconductance for the fundamental of the oscillator frequency is larger than that for any of its harmonics.
Using these same equivalent circuits, the noise figure of the mixer is
calculated and found to be
F=l+j

p()

G:+~d2
—

s

9.

‘

(26)
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where ~ = 4k TBG&
G: = the conductance of the signal source as seen from the diode
terminals.
For a typical diode, with space charge, at any point in the oscillator
cycle, 1
~=

4kTB(2.2g,J.

Therefore,
2.2
2X
~=p 4kTB ~
~ gJuot) = 4k!f’B(2.2@) .
.
1
/

(27)

Combining Eqs. (26) and (27),
F.l+T—

2.2&

G; + @ 2

a ()

9,

‘

(28)

which has a minimum value for G: = ~ of
(29)
The average diode conductance ~ may be obtained graphically from
the diode characteristic.
The same approximate analysis outlined for
determining the conversion transconductance may be applied to find the
conductance, which in the notation of Fig. 5.19 becomes
m = +%(91 + 292 + 2g3 + 294 + 295 + 2g6 + g,).
The ratio of g./~ can be made to approach a maximum value of unity
for the case where appreciable negative bias and large oscillator swing are
applied to the diode.
In this limiting case, the best noise figure for the
thermionic diode is 9.9 db, and the maximum power gain is – 6.0 db.
From these figures, the optimum over-all noise figure that may be
expected from a superheterodyne receiver using a diode mixer and no
r-f amplification is
F,, =F,

+~

= 9.8 + 4(F, – 1),

(30)

where Fz = noise figure of i-f amplifier.
Although the noise figures indicated by Eq. (30) are not so good as
those obtained with other kinds of mixers or with r-f amplifiers, they are
still sufficiently good for many purposes.
Since the average impedance
of a diode is rather low, the local oscillator must furnish a considerable
amount of power.
This is unfortunate, since it serves to aggravate the
problems of LO stability.
] See Thompson, North, and Harris,op. cit
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5.16. Triode and Pentode Mixers.—A mixer of another type which is
usable at vhf and which is caDable of considerable better gain and noise
figure than a diode is th~ triode mixer.
A
typical triode-mixer circuit is shown
output
in Fig. 5.22.
Signal
‘-This circuit may also be divided
into two equivalent circuits, one applyLO
ing to the LO and signal frequencies
and one applying to the intermediate
.
frequencies.
For the an a 1ys is of
FIG.5.22.—Triode-mixercircuit.
signal-to-noise
ratio and gain, the
local oscillator may be eliminated from the r-f circuit by assuming
that the LO injection is always adjusted for optimum conversion transconductance, which may be shown to give both optimum gain and opti-

a

(J

(a)

(b)

FIG.5.23.—Equivalentcircuitsfor triodemixer.
mum signal-to-noise ratio.
and b. In these circuits,

These two circuits are shown in Fig. 5.23a

G; = input loading due to signal source,
G, = input loading due to tube and coupling circuit,
~ = 4k T,BG:,
~
T,
To
B

=
=
=
=

4kT~BGl,
absolute room temperature,
effective absolute temperature of grid loading,
noise bandwidth,
k = Maxwell-Boltzmann
constant,
2X
1
?-Pd(wot),
‘*=%r
/ o
rP = plate resistance for each grid bias.

By a procedure essentially the same as that used in Eq. (27), ~ may be
written as
~n = 4kT,B(2.5j~).

I
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where
1
‘“=%

2=
g?n(oot)d(tiot)
/ o

and gm(ud) is the grid-plate transconductance at any point in the LO
cycle.
Thisvalue for~may besubstituted in Eq. (24) togive
(31)
for the equivalent noise resistance of a triode mixer.
The noise figure may now be computed to be
F=l+;

$+T
,C

2.50fi (G: + G,)z
@
)
a

(32)

which may also be written
(32a)
This is seen to be identical with Eq. (4]for the noise figure of a triode
or pentode amplifier; therefore Eq. (5) applies equally well to this mixer.
In general, it is necessary to evaluate both gc and ~~ from the tube
characteristics as previously indicated.
For most triodes with optimum
LO injection, however, it is found approximately that

g. = o.28go,
g=m= o.47goj
where go is the peak grid-plate transconductance

in the LO cycle.

Thus,
(31a)

From the equivalent circuits, it is also possible to calculate the available conversion gain of the triode mixer
(33)
On”substituting the values given above for g. and Omthis becomes

“ =;

G:go

(G:

+ G,)z”

(33a)

Comparing Eqs. (32a) and (33) with Eqs. (4) and (7) for amplifiers,
it is observed that the only essential differences between the two lie in
the magnitudes,
Thus all commentaries made in the previous amplifier
section on trends as the vhf region is approached apply equally well here.
The important clifference between the two cases is that the power gain

I
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and noise figure which can be obtained from a given tube as a mixer can
never be so good as the power gain and noise figure of the same tube
operating as an amplifier.
At the lower frequencies, the noise figures of a
given tube either as a mixer or an amplifier can, in general, be made very
good and nearly equal.
In the vhf range, however, the amplifier is usually considerably better than the mixer. At still higher frequencies
where amplification becomes very inefficient, the mixer may give better
performance. 1
The entire discussion of a triode mixer applies equally well to a
pentode mixer except that the equivalent noise resistance of a pentode is
larger than the equivalent noise resistance of the same tube as a triode,
It isz
15+21;
R.a = —-–
go

‘

(34)

where go is the peak grid-plate transconductance, 10 is the peak cathode
For the same
current, and the LO excitation is adjusted to optimum,
peak transconductance from grid to plate, both the triode and pentode
will have the same conversion transconductance; but if a single tube is
compared for the pentode and tnode connection, the triode will give a
somewhat larger gain because its transconductance will be somewhat
larger than that of the pentode for a given cathode current.
Because of
the higher output impedance of the pentode, however, the maximum
available power gain will usually be greater for the pentode connection.
The discussions presented here for the triode or pentode mixer have
all been based on calculations made at the center of the amplifier or mixer
pass band, and the tube interelectrode capacities have all been assumed
zero or tuned out. Consideration of these reactive elements will not
change the general trends of noise figure and optimum input stepup
noticeably.
These band-center calculations may be taken as representing a lower limit to any results that may be obtained with actual circuits.
If a more detailed knowledge of the circuit behavior is required, it will
be necessary to calculate the noise figures and noise gains as a function of
frequency and then average them over the pass band to determine the
actual characteristics.3
Although these quantities are functions of frequency, their average
values over narrow bandwidths will not differ noticeably from the bandcenter values.
1See E. W. Herold and L. Malter, F%oc.I. R. E., 31, October 1943.
2E, W. Herold, RCA Rev , 4, 324, January 1940. The screen current has been
assumedto be one-fourthas large w the plate current. For a ratio differinggreatly
from this a new expressionfor R.q would be required.
3E. J. Schremp,RL Internal Report h-o. 61—5/18/1943.
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Away from the band center the pentode has a considerable advantage
over the triode because of its small grid-plate capacity.
Because the
impedance in the plate circuit of a mixer is usually very small at the signal
frequency, there is seldom any danger of oscillation due to grid-plate
feedback, but this feedback may cause undesirable interactions between
the r-f and i-f circuits.
Again, the feedback from the i-f into the r-f circuit may make it extremely difficult to obtain satisfactory tracking if
the mixer is to be ganged with the local oscillator and one or more r-f
stages. When a triode mixer is used, these feedback effects may be
prohibitive for narrow-band circuits but are frequently quite tolerable
in wide-band applications.
They may be overcome in mixers, as they
are in amplifiers, through neutralization or by using the triode in a
grounded-grid circuit.
5.16. Local-oscillator
Injection. —Throughout these comparisons, it
has always been assumed that the LO injection is adjusted to optimum.
It is worth while to consider briefly how this may be done. For all the
mixers considered, it is customary to inject the local oscillator on the
input-signal terminal.
Screen- or suppressor-grid injection is possible
with the pentode and may be used if LO reradiation is of extreme importance. However, the signal-to-noise ratio and the gain performance
obtained in this manner will not be so good as would be possible with
control-grid injection.
In the triode or pentode mixer, it is also possible
to inject the local oscillator in the cathode circuit, but the resulting input
loading is usually undesirable.
With the diode mixer, optimum performance is obtained by biasing the
tube considerably beyond cutoff and then using a rather large LO signal
to swing the tube into the conducting region. This required bias for a
diode mixer is most easily obtained through self-bias by means of a
parallel RC-circuit in series with the diode.
For the triode and pentode mixers, the optimum LO voltage on the
input grid is about seven-tenths as large as the cutoff bias. The operating
bias for these mixers should usually be near the point of maximum
This bias may
curvature in the transconductance vs. grid-voltage curve.
be obtained through a fixed voltage, a cathode resistor, or a high-resistance
grid leak. Of the three possibilities, the use of the high-resistance grid
leak is most desirable, provided there are no severe transient overload
signals, because it tends to minimize changes in conversion transconductance with LO voltage; however, if for any reason the local oscillator fails
entirely, the mixer current may become so high that the tube is damaged.
This may be overcome in a pentode by the use of a screen dropping
resistor which has such a value that the tube is protected for this condition. With a triode mixer, however, it is necessary to use either cathoderesistor bias alone or a combination of grid-leak and cathode-resistor
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bias. Fixed bias is usually inconvenient to obtain and causes the conversion transconductance of the mixer to be markedly dependent upon
LO voltage.
The problem of coupling the LO voltage into the grid circuit may be
solved in various ways.
Since most local oscillators will develop 60 volts
or more of signal without trouble, and since triode or pentode mixers
absorb almost no power, the problem is frequently to keep from injecting
too much LO voltage on to the grid. Usually the oscillator voltage is
attenuated by capacitive or resistive voltage dividers and then either
tapped directly into the mixer grid coil or coupled in with a small condenser. With a diode mixer which requires considerably higher LO
power, it may be necessary to match the local oscillator into the mixer
This is an undesirable procedure, howthrough suitable transformers.
ever, because of the resulting interaction between the local oscillator and
the mixer.
6.17. Nontherrnionic Mixers.—In addition to thermionic tubes, it is
possible to use a number of other types of nonlinear devices as mixers.
The most notable among these which may be used at vhf is the silicontungsten crystal.
These crystals are the stock in trade of microwave
receivers and were discussed in Chap. 2. At frequencies below about
1000 Me/see it has usually been found more profitable to use thermionic
tubes, since the performance so obtained can be as good as or better than
that to be had with the crystal and there is no danger of burnout under
r-f overload.
LOCAL OSCILLATORS
The last major component of a superheterodyne r-f head is the local
oscillator, which furnishes an output differing from the signal frequency
At lower frequencies, many tnode oscilby the intermediate frequencv.
lator circuits employ mutual-inductante-coupling, for example, the Hartley
circuit and its variations.
At vhf the
use of mutually coupled coils becomes
either difficult or impossible, and the
‘=
number of oscillator types is reduced to
c
Fm. 524.-OsciUator circuit without two.
mutualinductance.
5s18. General Circuit Usable at Vhf.
The most general triode oscillator circuit without mutual inductance is
shown in Fig. 5.24.
The general oscillation conditions in this circuit are established by
making the determinant of this network equal to zero.

‘Yop+

“(y.++)+

‘gcyop+

‘opgm=o

(35)

SEC.5.18]

GENERAL

CIRCUIT

USABLE

AT VHF

149

Equation (35) is a complex expression; to make it zero, it must be
broken up into its real and imaginary parts, and both parts must be made
equal to zero. Before doing this it will be assumed that Y.., YOP,and
Y,C are all pure imaginaries.
These elements are made up of the tube
interelectrode capacities plus the external circuits includlng the coils,

‘@p

@p

c

c
FIG.525.-Colpitts circuit,CaseI.

condensers, or lines used to tune the oscillators, which are assumed to be
lossless. The losses in actual vhf components can usually be kept sufficiently low so that this assumption is essentially fulfilled.
Thus, for
Y,p = jBQp,
(36)

Y.. = jB,.,
Y,. = jBPc, 1

Eq. (35) can be broken down into its real and imaginary parts, and one

c
c
FIG.526.-Tuned-plate tuned-gridcircuit,CaseII.
has as the conditions of oscillation
B,.(B,,
:

(~OP

+ Bgc) +
+

&c)

+

&c&

=

0,

gmB,, = O.

(37)

I
In order that these conditions be satisfied simultaneously, it is apparent that certain relations between the various B’s must exist, namely,
1. B,p and B,. must have opposite signs.
2. Bcc must be greater than B,,.
3. BP, and B,. must have the same sign.
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There are only two possible combinations that will satisfy Eq. (37).
These are indicated in the following table and have been called Case I
and Case II.
The corresponding circuit configurations in terms of coils
and condensers are shown in Figs. 5,25 and 5.26.
TABLE51.-COMBINATIONS
NECESSARY
FOREQ. (37)

Case I.....
Case II. . . . . . . . . . . . . . . . . . . . . . . . . . .

.,

(+)
(–)

I (–)1(+)
(+)

(-)

5.19. Colpitts Circuit.-The
oscillator circuit of Case I is the familiar
Colpitts circuit, and Case II is the equally common tuned-plate tunedgrid circuit.
For each circuit, the actual configuration of parts has been
drawn to the left, and the equivalent circuit at the frequency of oscillation
is drawn to the right. At the frequency of oscillation the external inducti
ante of the Colpitts oscillator L,P must resonate with C,p in parallel with
some capacity less than CP., since Bo. is capacitive.
For the tuned-plate
tuned-grid oscillator, on the other hand, the external inductance LP. must
resonate CP, in parallel with some capacity greater than COP,since B,.
must be inductive.
Thus, for a given tube and a given external circuit,
the Colpitts circuit can be made to oscillate at a higher frequency than
the tuned-plate tuned-grid circuit.
For the Colpitts circuit,

(38)

These values may be substituted, and Eqs. (37) solved for the oscillation frequency and the tube characteristics necessary to start the oscillation.
These are
(39)

‘O=j=*j
~=%c
c“P.

(40)

These conditions serve to describe only the circuit of Fig. 5.24 and not an
actual oscillator.
In particular, it was assumed that all elements in the
oscillator behave as linear circuit elements, an assumption that is true
only for the starting of the oscillation in an actual circuit.
5.20. Tuned-plate
Tuned-grid
Circuit.-In
a similar manner the
tuned-plate tuned-grid circuit may be analyzed with the assumption of
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case

B,, = UC,=,
B.p = QCp. = ~,
uLPc
1
B,. = UCQ.– —.
ULQ,

(41)
I

Equations (37) give the frequency COO
at which the oscillation will begin
and the value of tube amplification factor p necessary for the oscillations
to build up. For ~ >>1,

In addition to operating at a lower frequency for a given tube and
external circuit, the tuned-plate tuned-grid oscillator has been found to
be rather unsatisfactory for vhf applications because of experimentally
observed tendencies to instability and
erratic operation.
This circuit is,
however, used to a considerable degree
RFC
at lower frequencies.
5.21. Actual Oscillators.-At
vhf
the Colpitts circuit may take on a
A (100-200 Me/see)
number of forms, the form used de- i
pending upon which terminal of the IB+
(a)

EEE

tube is to be at ground potential and
whether the external circuits used are
of lumped- or distributed-parameter
types. For circuits using lumped coils,
the grounded-grid configuration is frequently preferred, since it allows one
(400 -1000 Me/see)
side of both the tuned circuit and the
cathode choke to be solidly grounded,
(b)
and thus lowers the capacity effects on FIG.527.-Oscillator circuits (a) 200
Me/see; (b) 1000Mc/sec.
the tuning condenser if one is used.
Two typical circuits of this type are shown in Fig. 5.27. The first of these
circuits was designed for 200-Mc/sec operation and utilizes grid-leak bias.
In this circuit, lumped parameters were used and the oscillator frequency
was controlled by varying the grid-plate capacity.
The second circuit
utilizing a coaxial line as the tuned circuit has been used satisfactorily for
frequencies up to 1000 Me/see.

In this circuit, cathode bias was used
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because of the difficulty of introducing grid-leak bias into the line
construction.
A photograph of an oscillator of the type shown in Fig. 5.27b designed
for 1000-Mc/sec operation is shown in Fig. 5“28. At even higher frequencies where it is desirable to used tuned lines for all the elements, all

FIG.5.2S.—1000-Mc/secoscillator,
three of the possible mechanical configurations shown in Fig. 5.29 have
been successfully used, and tubes have been developed to suit each
particular configuration.
Electrically, all of these may be classed as
grid-separation circuits.
The operation of a high-frequency oscillator is
frequently so inefficient that the limit of operation is determined largely
by the dissipation of the grid or plate electrode.
Depending upon which
is the limiting element with regar’d to dissipation, the configuration of
Fig. 5.29a or b may have a definite advantage over the form shown in
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Fig. 5.29c because of the relative ease of cooling the hot electrode in these
Figure 5“29a has the disadvantage of being somewhat more
circuits.
difficult to construct than Fig. 5.29b; changing tubes, however, is a much
easier operation.
Tuning in each of these oscillator circuits is accomplished by moving
the short-circuiting plug in the grid-plate line through some appropriate
mechanical scheme such as a cam or lead screw. If extremely wide
tuning range with uniform output is required, it will probably be found
necessary to tune the grid-cathode line
as well, although the tolerance for
tuning this line is rather wide.
Frequency drift with temperature
-L_
changes will always be present to some
I
CV-90or 2C36
degree. As a rule, the dktributed-line
(a)
oscillators are considerably more stable
with temperature changes than are
I
~lyq
lumped-element oscillators using soleT’/
T
noidal coils, since such coils change
their inductance rather rapidly with
In oscillators such as
temperature.
(b)
the one shown in Fig. 5.27a, however,
—
I
\
the temperature drifts may be reduced
r
I
1
to about one part in fifty thousand per
I
—
I
degree centigrade through the use of
(2C40)
suitable
compensating
condensers.
The choice of the condenser size and
(c)
the temperature coefficient needed will
FIG.5,29.—Mechanicalconfigurationof
grid-separation
oscillatorcircuits.
depend upon the individual circuit
construction and must be determined separately for every case.
The only other major problem in the design of a local oscillator is
the choice of the LO frequency.
For a given signal frequency m and
intermediate frequency @lF, the usable LO frequencies will be given by
the expression
(44)
where n equal to 1, 2, or 3 corresponds to operation on the first, second,
or third harmonic of the local oscillator.
It should be remembered that
it is not necessary that the LO output itself contain any of these harmonic
voltages, since the nonlinearity of the mixer will generate them even
though a perfectly sinusoidal LO voltage is used. Equations (2o) to
(22) show, however, that the maximum conversion transconductance is
obtained with the LO fundamental,
The conversion transconductance
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to be obtained at the second and third harmonics will be found to be
respectively about one-half and one-third that obtained at the fundamental.
Thus, use of an LO frequency lower than the fundamental
results in a loss of gain and an increase in noise figure for the mixer stage.
Furthermore, the number of possible image responses will be markedly
increased by operation on an oscillator harmonic other than, the fundamental.
For a given oscillator frequency uO,there can be image responses
at the frequencies
Lyme =

iho

f

6XF

(/r=

1,2,3,

.o

.).

(45)

The only reason that might be advanced for operating the mixer on a
harmonic of a local oscillator would be the inability to obtain satisfactory
This is a situation which will
oscillator operation on the fundamental.
probably never be encountered at vhf. For the widest spacing of image
responses and the highest conversion transconductance, it is desirable to
operate the local oscillator at the frequency of (u, + wr).

CHAPTER

6

INTERMEDIATE-FREQUENCY

AMPLIFIERS

BY H. WALLNIAN
6.1. Introduction.-The
amplifiers discussed in this chapter have
been used as i-f amplifiers in superheterodyne pulse receivers.
They
have gains of about 100 db, bandwidths ranging from about 0.25 t03fi
Me/see, andcenter frequencies from about 5t0200Mc/sec.
Among the desirable characteristics of pulse receivers are
1.
2.
3.
4.

High sensitivity, that is, theability to detect weak signals.
Faithful pulse reproduction.
Rapid recovery.
Reasonable linearity between output and input signal levels.

The sensitivity of a pulse receiver for weak signals is influenced by many
factors, 1 such as time and type of presentation, repetition rate, etc. The
mportant properties of the receiver itself include low noise figure, adequate gain, and appropriate bandwidth.
As shown in Chap. 4, the noise
figure is determined almost entirely by the first one or two stages of the
These stages will be assumed to be designed according to
i-f amplifier.
the principles discussed there.
6.2. Gain Requirements.
Combined I-f and Video Gain.—In many
applications the weakest usable signal has an amplitude about that of the
residual noisez (thermal agitation, tube shot noise, etc.) in the receiving
system.
The gain required of the receiver is thus determined by the
difference between the noise level presented to the input terminals of the
first tube and the required output level.
An example will make this clear. Consider a microwave receiving
system where in the present state of the art of r-f amplifiers, crystal
mixers, and i-f amplifiers, the best over-all noise figure is attained by
immediate conversion of the r-f signal to an i-f signal in a crystal mixer.
For purposes of i-f noise level calculations, the crystal converter can be
considered to be a resistor of about 300 ohms with a noise temperature
close to 1. The crystal resistance is suitably transformed to a value yieldI See Vol. 24, Radiation Laboratory Series.
2In certain applications,e,g,, in cases requiringhigh fidelity of reproduction,the
weakestusable signal is considerablyabove noise; in such cases the requiredgain is
ess than described here.
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ing optimum noise figure; the optimum value for the transformed resistance
depends on center frequency, bandwidth, tube type, and tube configuration (see Chap. 4); for a grounded-cathode pentode at 30 iVlc/sec it is
about 2000 ohms.
The open-circuit thermal ag,tation noise voltage across this resistor
is ~ = 4~TRB; for B = 1.6 iVIc/secj T = 292”K, the rms voltage is
z = 7 ~v. If the i-f noise figure is 3 db, the equivalent noise level at the
grid of the first tube is &ui. = 10 w.
Suppose now that the required output signal amplitude is 30 volts as
Then the required over-all
might be the case for PPI presentation.
amplifier gain, i-f and video gains combined, from the grid of the first i-f
amplifier tube to the grid of the cathode-ray tube, is 3 X 106, or 130 db.
This over-all amplifier gain varies, of course, with bandwidth, i-f
noise figure, impedance level presented to the grid of the first tube, and
required output level. It is further to be understood that the gain so
calculated is a minimum gain and in the case of production amplifiers is
to be secured even with low-g~ tubes.
I-j Amplifier Gain.—The question now arises as to the partition of the
There
over-all gain between the i-f amplifier and the video amplifier.
are two reasons that favor assigning more gain to the video amplifier and
less to the i-f amplifier;
1. For a given speed of pulse response, only half as much bandwidth
is required in a video amplifier as in a centered i-f amplifier.
2. Higher gain-bandwidth products are practical in video stages than
in i-f stages, because video circuits are less complicated than the
equivalent i-f circuits.
It is nevertheless customary to apportion by far the larger part of
the over-all gain to the i-f amplifier, for the following reasons:
1. High-gain video amplifiers are inferior to high-gain i-f amplifiers
with regard to recovery time, transmission of long blocks of signals,
and sensitivityy to microphonics, hum, and power-supply variations.
2. ‘rhe output vs. input curve for a second detector is linear above a
For signals in
certain level, say 1 volt, and square law below.
the square-law range, 1 db of amplification preceding the second
detector is equivalent to 2 db of amplification after the second
detector; hence it is generally economical to provide enough gain
in the i-f amplifier to bring the weakest desired signal up to the
level where the second detector action is linear. In the example
considered above this means an i-f gain of about 100 db.
In computing the gain of the i-f amplifier itself, account must be taken
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of the usual second detector loss, which in the case of very
video amplifiers may be as much as 10 db.
6.3. Bandwidth Considerations.-From
the point of view
of pulse reproduction the greater the bandwidth the better.
point of view of best signal-to-noise ratio there is, however,
optimum product of i-f bandwidth B and pulse duration r,
B, = 1.
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wide-band
of fidelity
From the
a certain

(1)

In this approximate result B may be taken as either the 3-db bandwidth
or the noise bandwidth.
A detailed analysis of this point, on both theoretical and experimental
grounds, is given in Vol. 24 of the Radiation Laboratory Series, but the
following simple argument will show the plausibility of the assertion.
Imagine a system employing pulses of fixed duration and having an
i-f amplifier whose bandwidth is allowed to increase from zero. The
rms noise voltage is proportional to the square root of the bandwidth.
At first, for small bandwidths, the peak amplitude of the reproduced
signal increases linearly with the bandwidth (since the rise time of the
leading edge of a step function is inversely proportional to bandwidth);
hence, for small bandwidths, the ratio of peak signal to rms noise starts
by increasing as the square root of the bandwidth.
For large bandwidths,
however, where the pulse response displays a flat top, further increase of
bandwidth cannot increase the peak amplitude of the signal.
Inasmuch
as the rms noise level is still increasing as the square root of the bandwidth, the ratio of peak signal to rms noise then decreases as the square
root of bandwidth.
Between the regions of increasing signal-to-n?ise ratio for small bandwidths and decreasing signal-to-noise ratio for large bandwidths, there is a
certain optimum; as already statedl this occurs for lh = 1. Fortunately,
this optimum bandwidth is extremely noncritical; thus a bandwidth
either twice the optimum or half the optimum increases the minimum
detectable signal by only about ~ db.
Except for amplifiers of extremely large bandwidth, which are very
difficult to obtain, it is common to make the i-f bandwidth closer to twice
This wider bandwidth costs little in
the reciprocal of the pulse length.
minimum detectable signal and affords the advantages of greater pulse
fidelity and reduced criticalness in LO tuning and automatic frequency
1A resultof W. W. Hansenshowsthat under certainsimplifyingassumptions,for
a given input signalwave form, the amplifierpass band maximizingthe ratio of peak
signalto rms noise is that which is identicalwith the frequencyspectmm of the input
signal waveform. For a 1 @ec rectangularpulse, for example,this means a sin z/z
type of curve having its first zerosat + 1 Mc/see away from the band center.
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control.
Typical bandwidths are 0.5 hIc/sec
for 5-~sec pulses, 1.7
Me/see for l-~sec pulses, 35 Me/see for ~~-psec pulses.
6.4. Choice of Intermediate Frequency .—The choice of intermediate
frequency is an engineering compromise.
In addition to the possibly
compelling matters of availability of test equipment and existence of
established standard frequencies, there are certain specific factors favoring a low intermediate frequency and others favoring a high intermediate
frequency.
Before going into these questions, however, it is wise to dispose of two
According to the first, which would
common, but incorrect, arguments.
favor high intermediate frequencies, it is easier to get a large bandwidth
This is not the case, since
at a high frequency than at a low frequency.
the gain-bandwidth product for all the usual coupling networks is independent of frequency; that is, one gets no more gain in a 15-Mc/sec-wide
amplifier at 60 Me/see than in an amplifier of the same bandwidth and
It is true for double-tuned circuits, however, that
type at 30 Me/see.
small fractional bandwidths mean small coefficients of coupling and hence
simpler coils, but the gain-bandwidth product is not affected unless the
bandwidth is many times the center frequency.
The second incorrect argument, which would favor low intermediate
frequencies, asserts that it is easier to get freedom from over-all regeneration at a low frequency.
While it is true that one-stage feedback through
grid-plate capacity is worse at high frequencies (see below under Miller
effect), over-all regeneration is essentially independent of the center frequency and is dependent chiefly upon circuit decoupling and waveguide
like feedback.
It has proved possible to build very stable 200-Mc/sec
amplifiers of high gain.
Arguments for a Low Intermediate Freqtiency.
1. Criticalness.
For a given bandwidth the relative detuning caused
by tube capacity variations is less for a low intermediate frequency.
Hence amplifiers of a given bandwidth and type exhibit less variability because of manufacturing tolerances and tube replacement
if they have a low center frequency.
2. Noise figure. The optimum noise figure attainable with a given
tube type is lower at low frequencies.
A working rule for oPtimuml noise figure F as a function of intermediate frequency j is
F–laj.
1That is, noise figurewhen the sourceresistancek so adjusted as to give lowest
noisefigure. Becausethe optimumsourceresistancedecreasesas frequencyincreases,
the input circuit bandwidth of an amplifier adjusted for optimum noise figure is
greaterat the higherfrequencies. Hence for bandwidthsgreaterthan that provided
by the optimum sourceresistance,the relativenoise figureadvantageof a low intermediatefrequency is not so great as it is for narrowerbandwidths.
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Thus noise figures of 1.06 ( = 0.?5 db) have been obtained with
the two-triode combination of J grounded-cathode triode into a
grounded-grid triode at 6 Me/see (optimum source resistance about
15,000 ohms, input circuit bandwidth about 2 Me/see, depending
on circuit capacities and circuit type); 1.36 ( = 1.35 db) at 30
iVfc/sec (optimum source resistance about 3000 ohms, input circuit
bandwidth about 12 Me/see);
3.4 ( = 5.5 db) at 180 iMc/sec
(optimum source resistance about 400 ohms, input circuit bandwidth about 40 hlc/see).
3. Input loading and Miller effect. The input conductance of a tube
due to cathode-lead inductance varies as the square of the frequency, and to the extent to which this loading is vexing there is
an advantage in a low intermediate frequency.
A similar advantage of a low intermediate frequency follows from the fact that the
susceptance of the grid-plate capacitive feedback path increases
with frequency.
Arguments for a High Inter-mediate Frequency.
1. Image rejection.
The argument here is identical with that which
has been well known in the design of communications receivers.
2. Small size. The higher the intermediate frequency the smaller are
the tuning coils and the bypass condensers.
3. Separation of video frequencies from intermediate frequencies.
For given video and i-f bandwidths, a high intermediate frequency
reduces the possibility of trouble arising from transmission of
The
i-f components of the rectified signal into the video amplifier.
importance of this point should not be exaggerated, however, for
with a little care in decoupling it has proved not difficult to combine a 100-db i-f amplifier covering the range 20 to 35 .Mc/sec
between 3-db points with a tiideo amplifier having its 3-db point
at 15 Me/see and a gently sloping cutoff.
4. Reproduction of carrier-frequency waveform.
In certain special
applications, such as NIT1 (Chap. 21), the receiving system must
reproduce the wave form of the modulation signals or pulses in a
manner that depends as little as possible upon the chance phase
relationship between the pulse and the intermediate frequency.
This accuracy of reproduction is improved by the use of a high
intermediate frequency.
5. Automatic-frequency
control: local oscillator on wrong side of
signal frequency.
The majority of AFC schemes, although permitting the local oscillator to lock on either side of signal frequency,
lead to large reduction in performance if the local oscillator is on
the wrong side. In that case it may be possible to prevent wrong-
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sideband locking by making the intermediate frequency so high
that twice intermediate frequency exceeds the possible excursion
In the case of the 723A 10,000in local oscillator electrical tuning.
Mc/sec local oscillator tube, for example, a 60-Mc/sec intermediate
frequency makes wrong-sideband locking practically impossible,
since very few tubes can be tuned over a range of 120 hIc/see,
while wrong-side locking was possible with a 30 Me/see intermediate frequency.
6. Automatic-frequency
control: “ harmonic” operation.
When the
local oscillator and signal differ in frequency by a half or a third,
etc., of the intermediate frequency, there is always generated in
the mixer of a superheterodyne a certain amount of i-f power;
this harmonic power may be 20 or 25 db down from the power at
the actual difference frequency; but if the AFC system has high
gain, there is a danger of locking the local oscillator frequency to
this spurious frequency, e.g., 15 iMc/sec away from signal frequency in a receiver having a 30-Mc/sec intermediate frequency,
To a certain extent this possibility is less likely with a high intermediate frequency, because accidental slipping of LO frequency
then has to be larger in magnitude before the local oscillator slips
to a spurious frequency.
6.5. Synchronous Single-tuned Amplifiers.-The
i-f amplifier types
in most common use and the only types discussed in this chapter are the
following:
1.
2.
3.
4.

Synchronous single-tuned
Staggered single-tuned.
Double-tuned.
Inverse-feedback.

(single-tuned stages tuned alike).

Type 1 is characterized by a maximum of simplicity and noncriticalness but, because of its low efficiency, is not suited, with present tube
types, to the construction of 100-db
amplifiers of bandwidths larger than
about 3 Me/see.
T,
T2
Types 2, 3, 4, which are roughly
equivalent in efficiency, permit considerably larger bandwidths but reR
quire greater care in construction.
One Single-tuned Stage.—The a-c
circuit
diagram of one single-tuned
FIG. 6.1.—A-c diagram of single-tuned
amplifierstage.
stage is shown in Fig. 6.1, where
C is the total interstage capacity
(=

C..t + Cti + G,.,),

R is the damping

resistor (=

the plate-load

I
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resistor in parallel with the plate resistance of Tube 1 and the input
resistance of Tube 2), and L is the inductance resonating with C to the
desired center frequency.
The 3-db bandwidth@
is
—.1
~ = 2TRC

(2)

The voltage gain of the stage at midband is
S =

I

gmR.

(3)

The product of gain and bandwidth2 is thus g~/2rrC. For 6AK5 tubes
with an assumed g~ of 4200 ~mhos and C of 10.8 ~pf, this gain-bandwidth
product comes out to be 62 Me/see,
Observe that bandwidth, gain, or
gain-bandwidth
product does not depend on the center frequency

Cascaded Synchronous &’ngle-Luned Stages.—As identical single-tuned
stages are cascaded, the over-all bandwidth, measured between the 3-db
points over all, goes down quite rapidly:
Over-all bandwidth

= bandwidth of one stage X v’~1,

where n is the number of stages.

l’alues of /21i”

(4)

– 1 are given below:3

TABLE6.1.—VALUESOF ~~1
n
~rl

1
1

2
0.64

3
0.51

4
0.44

I

5
0,39

6
0.35

7
0.32

8
0.30

9
0.28

The product of gain per sLage and bandwidth over all for cascaded
synchronous single-tuned stages is thus (g~/2~C) ~~;
because this
tends to zero as n increases, it turns out that for a given over-all gain
and tube type the over-all bandwidth given by synchronous single-tuned
stages first increases ~~ith the number of stages but later decreases as
more stages are employed.
For a 6AK5 amplifier of 100 db over-all
gain, the maximum bandwidth attainable with synchronous single-tuned
stages is about 6 J’Ic/sec.
The number of stages needed for this bandwidth is 23. .\s a matter of fact it is imm-actical to build 100-db 6AK5
synchronous single-tuned amplifiers having bandwidths larger than
about 3 Me/see.
1Derivation of this resultand a completemathematicaltreatmentof single-tuned
amplifierswill be found in Chap. 4 of Vol. 18 of the Radiation Laboratory Series.
2In the remainderof this chapter band~vidthalways denotes bandwidth between
the 3-db points,
z A useful approxmlationto %/2’/” – 1 is 1/1.2 w’%
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Example,
Design oj 110-db I-j Amplifier about 2 Me/See Wide at
30 Me/See Employing 6A C7’S Conservatively Rated.—To take account of
tubes having g~ values at the low limit permitted by the JAN-1A specifications, 1the g~ of the type 6AC7 is assumed to be 7000 pmhos.
If the interstate capacity C is 25 ppf, the gain-bandwidth product gn/2A’ for one
stage is 44.5 Me/see.
By trial of several values it is concluded that six stages are needed.
A gain of 110 db in six stages means 18.3 db per stage, or a voltage gain of
8.25 per stage, This yields a bandwidth per stage of 44.5/8.25 = 5.4
Me/see.
From Eq. (4) it follows that the over-all bandwidth is
5.4 X 0.35 = 1.9 Me/see.
The value of the damping resistor R is computed from the gain equation g~R = 8.25; R turns out to be 1180 ohms. The design is completed
by taking into account the shunting effect of the approximately 8000-ohm
input resistance of 6AC7 tubes at 30 Me/see; this leads to a plate-resistor
value of 1375 ohms. The next higher value in the preferred series, 1500
ohms, is chosen.
The inductance of the tuning coils is, of course, selected
to resonate with 25 ,u~f at 30 Mc/secj namely, 1.13 uh. A complete circuit diagram of such an amplifier is shown in Fig. 13.6, and a photograph
is shown in Fig. 13.7. In this amplifier the coils are tunable.
6.6. Stagger-tuned Amplifiers.-In
stagger-tuned amplifiers the individual stages are single-tuned but are tuned to different frequencies and
have different bandwidths.
The purpose of stagger-tuning is to reduce the shrinking of over-all
bandwidth that occurs when cascaded single-tuned stages are tuned to
the same frequency.
The selectivity curves achievable with stagger-tuning depend on the
number of stages, their individual resonant frequencies, and their individual bandwidths.
An especially simple family of selectivity curves is
the “maximally
flat” family of curves having selectivityy functions of
the form l/all
+ x’”, where z is (for the case of small fractional bandCurves of this sort, corwidth) proportional to frequency off resonance.
responding to what are called flat-staggered n-uples are shown in the
upper half of Fig. 6.2; corresponding step-function responses are displayed
in the lower half of Fig. 6.2, .\vhich makes clear that*
1Under the J.4h--1A test specificationsthe type 6AC7 is permittedto have a gvarying between 7000 and 12,500 pmhos. These specificationsinclude the current
and hence g~ stabilizing effect of a 160-ohm cathode resistor; for the 50-ohm value
of cathode resistoremployed in the circuit of Fig. 13.6 the fractional variability in
gmis even larger.
2A discussion of transient response considerationswill be found in Chap. 7 of
‘Jol, 18 of the Radiation Laboratory Series.

‘
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1. Overshoot increases with squareness of pass band.
2. Speed of rise (between 10 and 90 per cent points) decreases somewhat with squareness of pass band.
The important feature of a flat-staggered n-uple is that its product of
stage gain and over-all bandwidth isl g~/2rC; in other words for a stage
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FIG. 6.2.—Step-functionresponseof the (minimumphase-shift)networkshaving the
absolutevaluecurvesshownabove.
gain s the over-all bandwidth is the bandwidth of a single single-tuned
stage of gain S. This contrasts to the case of n synchronous singletuned stages, where [see Eq. (4)] for a stage gain s the over-all bandwidth
is ~21j” — 1 times the bandwidth of a single single-tuned stage of gain S.
The elimination of the over-all bandwidth shfinklng factor V’211” – 1 is
the significant advantage of flat-staggered n-uples; the maximally flat
character of the pass band is more likely to be a disadvantage than an
advantage.
1The proof of this result and an extended treatment of stagger-tuningis contained in Chap. 4 of V01. 18 of the Radiation Laboratory Series, Vacuum Tube
Ampiiji&8.
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FIG.6.3.—Exactflat-staggeredpair. Note: (1) An exact flat-staggeredpair of stage
gain ~ has as greatan over-ailbandwidth(Bas doesonesingle-tunedstageof gain$, i.e.,
~~ = g~/2mC. (2) An exact flat-staggeredpair of over-allbandwidthG, geometrically
centeredat J%,consistsof two single-tunedstagesstaggeredat fm andfo/cI of dissipation
factord, a beinggivenin theuppergraphanddin thelowergraphasfunctionsof ?i = (1/j,.
(3) An amplifiermadeup of n pairshas1/1.1 ~n thebandwidthof onepair.
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FIG.6.4.—Exactflat-staggered
triple. Note: (1) An exactflat-staggered
tripleof stage
gain $jhas as greatan over-allbandwidth@fas doesone single-tunedstageof gain ~, i,e.,
~01 = u~/27rC. (2) An exactflat-staggeredtripleof over-allbandwidth63,geometrically
centeredat fo, consistsof two single-tunedstagesstaggeredat fm andfoia of dissipation
factord andonesingle-tunedstagecenteredatf, of bandwidthLB,a beinggivenin theupper
graphand d in the lowergraphas functionsof 6 = @/fo. (3) An amplifiermadeup of n
tripleshas 1/1.06$% the bandwidthof one triple.
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A 100-db 35-Me/see-wide amplifier, at 80 Me/see, was constructed at
the Radiation Laboratory consisting of three flat quintuples.
This rather
represented a tour de force, however, and for most purposes it is enough
to use only staggered pairs or staggered triples.
The design data for flat-staggered pairs and flat-staggered triples are
shown in the graphs of Fig. 6’3 and 6.4, in which the abscissa is the fractional bandwidth 6, or the ratio of the bandwidth to the center frequency
for the pair or triple.
These graphs are exact in the sense that they hold
for fractional bandwidths of arbitrary magnitude, even larger than unity.
The use of these graphs is explained in the figure legends and is made
Suppose a ‘flat-staggered pair of 8-Me/
clear by the following example.
sec bandwidth is to be designed with band center at 10 Me/see.
Then
j, = 10 Me/see, @ = 8 Me/see, and 6 = 0.8 so that from Fig. 6.3 one
finds that a = 1.33 and d = 0.535.
Therefore the pair is to be constructed of one stage centered at 10 X 1.33 = 13.3 Me/see, of dissipation
factor’ 0.535 and hence of bandwidth 0.535 X 13.3 = 7.1 Me/see, and
one stage centered at 10/1.33 = 7.5 Me/see, of dissipation factor 0.535
and hence of bandwidth 0.535 X 7.5 = 4.0 Me/see.
If the g#2nC ratio
for a certain tube type were 48 Me/see, then for this flat-staggered pair
of over-all bandwidth 8 Me/see, the stage voltage gain would be 6 ( = ~).
For a pair of synchronous single-tuned stages having an over-all 8-Me/see
bandwidth, on the other hand, the stage bandwidth would have to be
12.4 Me/see ( = 8/0.644, see Table 6.1), and the stage gain would therefore be only 3.9 ( = 48/12.4).
An amplifier employing two flat-staggered
triples is discussed in Sec. 16.8, and a circuit diagram is shown in Fig. 16.9.
Figure 6.5 shows a few stages of a 12-stage 100-db 6AK5 amplifier,
20 Me/see wide at 200 Me/see, consisting of four flat-staggered triples.z
Flat-staggered Pairs.—A flat-stagger%d pair has the same absolute
valueg and there fore4 phase and transient response as a transitionally
coupled double-tuned circuit.
The over-all bandwidth of m cascaded flat pairs is &2]/m – 1 times
the bandwidth of one pair; the expression #2’/n
– 1 is well approximated
by 1/1.1 ~m.
The superiority in stage gain times over-all bandwidth product of an
n-stage amplifier, n even, made up of n/2 flat-staggered pairs instead of
I Dissipationfactor of a single-tunedcircuit is the reciprocalof Q;

z This amplifier is discussed in detail in Sec. 5.11 of Vol. 18 of the Radiation
Laboratory Series.
s At least for small fractional bandwidths.
~As a minimum phase-shiftnetwork.
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single-tuned stages is
(5)

Expression (5) has the value 2.0 for n = 6; that is, the stage gain times
over-all bandwidth product for a six-stage amplifier made up of three
flat-staggered pairs is twice that for a six-stage synchronous single-tuned
amplifier.
Flat-staggered Pairs of Small Fractional Bandwidth .—For flat-staggered pairs of small fractional bandwidth, 6 = @/.fD less than 0.3, say,
the pair consists quite accurately of two single-tuned stages staggered
at ~0(1 — 0.356) and ~0/(1 — 0.356), of dissipation factor 0.71&
Flat-staggered Triples.—A flat-staggered triple has the same absolute
valuel and therefore phasez and transient response as a transitionally
coupled triple-tuned circuit.
The over-all bandwidth of m cascaded flat-staggered triples is

times the bandwidth of one triple; the expression $“=i
is well
approximated by 1/1.06 K
The superiority in stage gain times overall bandwidth of an n-stage amplifier, n divisible by 3, made up of n/3
flat-staggered triples instead of n synchronous single-tuned stages is

Expression (6) has the value 2.5 for n = 6; that is, the stage gain times
over-all bandwidth product for a six-stage amplifier made up of two flatstaggered triples is 2.5 times that for a six-stage synchronous single-tuned
amplifier.
flat-stagFlat-staggered Triples of Small Fractional Bandwidth.-For
gered triples of small fractional bandwidth, a = @/f, less than 0.3, say,
the triple consists quite accurately of
1. Two single-tuned stages that are staggered at f,(l – 0.436) and
~0/(1 – 0.436) of dissipation factor 0.5&
2. One single-tuned stage centered at j, of bandwidth B.
Gain Control.—The misapprehension
sometimes exists that gain
control can be applied to a stagger-tuned amplifier only if the high1At least for small fractionalbandwidth.
gAs a minimum phase-shiftnetwork.
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frequency and low-frequency stages of the staggered pairs are controlled
together.
Although this would be the case if the selectivity curves of
the individual stages were combined by addition, in stagger-tuning the
selectivity curves are combined by multiplication, and it is therefore
perfectly satisfactory to apply arbitrary gain control to any individual
stage or combination of stages. 1
6.7. Double-tuned Circuits.-The
usual wide-band double-tuned circuit is shown in Fig. 6.6, where M denotes mutual inductance, and the

w“llT_
C2 &

Lz

E2

-- 1
FIG.6.6.—Inductance-coupled
double-tunedcircuit.

coefficient of coupling k is defined by k = M/ tiLILz.
The primary is
assumed to be driven by a current source, and the voltage across the
secondary terminals is the output signal. Capacity rather than inductance coupling between primary and secondary is inadvisable in the case
of large fractional bandwidth, which is just the case where it would be
most convenient, for the reason that capacity coupling seriously degrades
the gain-bandwidth
product by essentially adding to the primary a
2

3“E

z’
(u)

‘#5iz2

(b)
FIG.67.-Transformer equivalentnetworks.

(c)

capacitance equal to the series combination of the coupling and primary
capacitance and adding to the secondary a capacitance equal to the series
combination of the coupling and secondary capacitances.
The transformer of Fig. 6.6 is sometimes replaced by the T or II shown in
Fig. 6.7; these T or H self-inductance coupled networks are exactly equiva.
lent to the transformer except for the d-c connection.
If either (Ll – M)
or (LJ — M) is negative in Fig. 6.6, however, neither network of Fig. 6.7 is
physically achievable, in that negative inductances would be required.
1Subject, however,to the (generallyunimportant) changesin input capacity and
input loading attendinggrid-biasvariation.
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In the case in which the desired bandwidth is a moderately small
fraction, less than ~, say, of the center frequency fo, the treatment of the
double-tuned circuit is very much simplified by the assumption that
L,C, = L,CZ = l/47r2f&
that is, that the primary and secondary are tuned to the same frequency
and that that frequency is band center.
(As will be seen below, these
approximations do not hold in the case of large fractional bandwidth.)
This case will be dkcussed first.
by Q,
Double-tuned Circuits of Small Fractional Bandwidth. -Denote
the primary Q, namely 2~foR ,Cl and by Q, the secondary Q, namely
27rj,R2(7.2. If Q, = Q,, the behavior of the double-tuned circuit as a
function of increasing coefficient of coupling is well-known: The gain at
midband increases, and the pass band becomes wider and squarer until
the condition known as critical coupling is reached, where the midband
gain is a maximum and the pass band is maximally flat, just failing to
have humps.
Larger coefficients of coupling lead to pass bands having
humps, the height of the humps remaining constant, however, while the
gain at the dip (band center) decreases.
The unequal-Q case is much less well known, however.
A distinction
must be made between transitional coupling, which means the coupling
yielding a maximally flat pass band, and critical coupling, which means
the coupling yielding maximum secondary voltage.
(Critical coupling is
also the condition of impedance match. ) For a given Q1/QZ ratio,
#
Q2, as the
coefficient
of coupling is increased from zero, the voltage
gain at midband increases, and the pass band becomes wider and squarer,
until maximum secondary voltage is reached at critical coupling:

QI

‘tit‘ge”metricmean(+$
=G
but the pass band is not flat. As the coefficient of coupling increases
beyond critical, the midband secondary voltage starts to decrease and
the pass band continues to become wider and flatter until the maximally
flat pass band is reached at transitional coupling:

For coefficients of coupling larger than transitional the pass band shows
humps whose heights do not stay constant with increasing k but decrease.’
1Graphs of this bebavior, as well as a more extendedtreatmentof double-tuned
circuits in general,will be found in Chap. 5, Vol. 18, Radiation Laboratory Series,
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‘I’he gain-bandwidth product at transitional coupling is larger than
it is at critical coupling, although the gain itself is smaller at transitional
coupling than it is at critical coupling.
For the sake of simplicity the only double-tuned circuit condition
considered in the rest of this chapter is that of transitional coupling,
despite the fact that from the point of view of transient response there is
nothing the least bit special or noteworthy about transitional coupling. 1
At transitional coupling the bandwidth @ between 3-db points of a
double-tuned stage is
~=1

I_l
z~ 42

The voltage gain is

(–
R,C,

+~

R,C, )

&=)
s=9”~~2

~ +
~
,-’
—.
R,C, )
( R,C,

Special Cases.—In the equal-Q case

Jn the case in which Q, = ~,

The case in which QI = ~ is completely analogous.
Comparison of Transitionally Coupled Double-tuned Circuit and a
Single-tuned Circuit.—For a transitionally coupled double-tuned circuit
with equal Q’s the ratio of gain-bandwidth product to that of a singletuned circuit is
arithmetic mean (C1,CJ
fix
geometric mean (C1,C2)’
I For graphsof the overshootof a double-tunedcircuit as a function of the coefficient of coupling see Chap. 7 of Vol, 18, Radiation Laboratory Series.
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the interstate capacity C in the single-tuned case being given by
C=

CI+C2.

The corresponding ratio for a transitionally
loaded on one side only is
2x

coupled double-tuned

circuit

arithmetic mean (Cl, C2)
geometric mean (CI,C2)”

With C, = *C,, as is approximately the case for the types 6AK5 and
6AC7, the ratio
Arithmetic mean (C,,CJ
Geometric mean (C,,CJ
is 1.06, or 0.5 db, which is usually negligible.
As a matter of fact the
advantage due to the inequality of Cl and C, can, if desired, also be
obtained in single-tuned circuits by regarding the tuning coil as an autotransformer tuned with capacity 2C1 and stepped down in the impedance
ratio C.Z/Cl.
The main advantage in gain-bandwidth product of a transitionally
coupled double-tuned circuit over a single-tuned circuit is the factor
{2
(3db) in the equal-Q case and 2 (6db) in the one-side-loaded case.
It is important to keep in mind that the 3-db further advantage of the
one-side-loaded circuit over the equal-6? circuit comes at the expense of
a very much greater criticalness to coefficient of coupling and capacity
variabilityy.
Coupled
Double-tuned
Circuits.—When
n
Cascaded Transitionally
synchronous double-tuned transitionally coupled stages are cascaded,
each of the same bandwidth (and without regard to the distribution of
loadlng in each stage), the over-all bandwidth is &21/n – 1 times the
bandwidth of one stage. This is the same relation as that holding
when m flat-staggered pairs are cascaded, for the reason that the absolute
value curve of a transitionally coupled double-tuned circuit has the same
shapel as that of a flat-staggered pair.
Double-tuned Circuits of Large Fractional Bandwidth.-The
analysis
required for this case is very complex and has been worked out only for
In order to get a pass band that is
the case of transitional coupling.z
maximally flat at a frequency jo, that is, whose first three derivatives at
jO are zero, it turns out to be necessary to tune the primary and secondary
windings to frequencies less than .fo; furthermore the primary and secondary frequencies are equal only if the primary and secondary Q’s are equal.
1For small fractional bandwidth.
2See Chap. 5 of Vol. 18, Radiation Laboratory Series,for furtherreferences.
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k = coefficient of coupling

FIG.6.8.—Low-Qtransitionallycoupleddouble-tunedcircuitdesigndata. k = coe5cientof coupling;Q, = Qj = Q. (a) Fractionalbandwidth:Gi/jo;(b) normalizedmidband
gain; (c) primary and secondaryresonantfrequencies;f,lf~ = fzlf~ = folf’1 = f~lf~; (d)
Q/2R = foR,Cl = f0R2C2;(e)gain-bandwidth
factorlZ12(f0)
1%62 VCIC’2.
The design data for a transitionally coupled double-tuned circuit are
shownl in Fig. 6.8 for the equal-Q and in Fig. 6.9 for the case Q1 = cc.
In these curves the abscissa k is the coefficient of coupling, and the other
symbols are as follows:
jo = band center, that is, the frequency at which the first three
derivatives of the selectivity curve are zerc,
1These graphs and the analysis upon which they are based are due to C. p.
Gadsden.
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the 3-db bandwidth, 1
the primary frequency l/(2T -,
the secondary frequency l/(27r v’L~,
the frequency of the primary with the secondary short-circuited,
the frequency of the secondary with the primary short-circuited,
the Q of either the primary or the secondary in Fig. 6.8, of the
secondary in Fig. 6.9, but defined in either case at jo; hence
h
Fig.
WJ.
Q/2% = f,R,C, z f,R,C, in Fig. 68; Q/21r = jolM7z

k = coefficient of coupling

FIG.6.9.—Low-Qtransitionallycoupleddoubled-tunedcircuitdesigndata. k = coe5cientof coupling;QI = cc, Q2= Q. (a) Fractionalbandwidth:@/jo; (b) normalizedmidband gain; (c) primaryresonancefrequency; (d) secondaryresonancefrequency; (e)
Q/2rr= joi2zCz;(j) gain-bandwidthfactOr1.ZIZVO)
12T@2=,;
1As it turns out, f~ is neitherthe geometricmean nor the arithmeticmean of the
two ~db points, hut somethingin betweer..
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As an example of the use of these graphs consider the design of a transitionally coupled double-tuned circuit loaded on the secondary only ,and
having a 16-Mc/sec bandwidth centered at 30 Me/see.
Because this
case involves loading on one side only, the-appropriate curves are those
of Fig. 6.9. Here G = 16 Me/see, fO = 30 Me/see, so that c%/jo = 0.53.
From (a) of Fig. 6.9 it follows that the value of k is 0.48; this can be
achieved by use of a powdered-iron core. The secondary Q/27r is seen
from (e) of Fig. 6“9 to be 0.21; from Q/2r = fOR,CZ = 0.21 itfollows
that R, = 1000 ohms for Cz = 7.0 p~f. Curve (c) shows that the opencircuit primary frequency is 30 X 0.91 = 27.3 Me/see, and Curve (d)
shows that the open-circuit secondary frequency is 30 X 0.97 = 29.1
IMc/sec.
From Curve (d) it follows that the primary frequency with
the secondary short-circuited is 30/0.97 = 31 Me/see, and from Curve
(c) that the secondary frequency with the primary short-circuited is
30/0.91 = 33 Me/sec.
If it had been decided to leave the secondary unloaded, then it would
have been the primary whose value of Q/2T was 0.21; hence R would
have had the value 1670 ohms for a Cl of 4.2 ~pf. The primary and
secondary frequencies abo~-e ~vould have been interchanged.
6.8. Inverse Feedback.—” Inverse feedback” as here applied to i-f
amplifiers refers to a very special and simple feedback type only, namely,
that effected by connecting a resistor between plate and grid of amplify-

1‘1

Y~

Y~

Yq

A
●
FIG.6.10.—Feedbackchainusingtwo-terminalshuntimpedances.
This is shown
ing tubes that are coupled by two-terminal impedances.
in Fig. 6.10.
Although there is ideally an advantage of 2 in gain-bandwidth product
over stagger-tuning to be achieved with feedback chains of the sort shown
in Fig. 6.10, this advantage would require
1. Infinite stage gain.
2. An infinite filter terminating the feedback chain.
3. Infinite interstage impedance at midband.
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When Conditions 1, 2, and 3 are not fulfilled, as is always the case,
especially Point 1, in real amplifiers of fairly large bandwidth, the gainbandwidth advantage over stagger-tuning rapidly decreases, and it
becomes of little value to employ complicated terminating impedances.
Not much is lost in performance by simplifying the feedback chain to
one employing only single-tuned interstage circuits, and only this type is
considered here.
It turns out 1that the gain-bandwidth performance of feedback chains
of any length employing single-tuned coupling elements can be completely duplicated by amplifiers employing feedback pairs, that is, pairs
of stages of which only the second has feedback, as shown in Fig. 6.11.

--T

FIG.6.11.—Feedbackpairs.

An amplifier consisting of feedback pairs has the advantage that gain
control can be applied to half the stages, namely, to the first stages of the
pairs. A feedback chain, however, can be gain-controlled only in the first
stage, because reducing the g~ of a stage around which feedback is connected has the effect of reducing bandwidth as well as gain.
Consequently it seems wise to replace feedback chains employing single-tuned
circuits by feedback pah-s.2
The design of a feedback pair involves only the determination of the
feedback resistance and the shunt resistances of the single-tuned interstate elements, since the stages are both tuned to the same frequency,
narnelY, the desired midband frequency.
There is a degree of freedom
present, however, in regard to the distribution of the shunt loading
1See Chap. 6 of Vol. 18, Radiation Laboratory Series,for a generaland extended
discussionof plate-gridresistivefeedback amplifiers.
2%metimes feedback triples are employed; in that case feedback is connected
around the second and third stages, so that one stage in three is available for gain
control. The gain-bandwidthproduct of a feedback triple can be duplicated by the
combination of a centeredsingle-tunedstage and a suitable feedback pair (one with
humps in its pass band).
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between the two stages; but to make matters definite, it is here assumed
that the two single-tuned circuits of the feedback pair are equally loaded.
Two sets of design data will now be given:
Flat Inverse-feedback Pair.—Let (33be the bandwidth desired for the
flat pair and g- the transconductance
of the tubes, assumed equal.’
The feedback resistor R,t is

‘“ = *“
and the resistor R loading each of the single-tuned circuits is determined
by
;=%%2”
Flat Triple Consisting of Single-tuned Stage and Feedback Pair.—Let @
be the bandwidth desired for the flat triple and g~ the transconductance
of the stages of the pair. Then the flat triple consists of a centered
single-tuned stage of bandwidth G and a feedback pair having feedback
resistor
1
R,, = ~“ —
3 (% C@) 2
and resistor R loading each single-tuned circuit
27rcc%
1
1
—.—
.—
.
R2
R12
Example.
Flat Feedback Pair oj Bandwidth 10 Me/see at 30 Me/see
Employing 6A K5’s.—Assuming
g~ = 5000 pmhos, C = 10.8 ppf, ‘the
feedback resistor Rlz between the plate of the second stage and the plate
of the first stage or through a blocking condenser from the plate of the
second stage to the grid of the second stage is 10,870 ohms, and the resistor loading the single-tuned circuits in the plates of the first and second
stages is 2570 ohms.
Gain-bandwidth Product.—The gain-bandwidth product of an amplifier
made UP of feedback pairs is, except for the (generally negligible) reduction in effective transconductance of the second stage of the pairs, exactly
equivalent to that of stagger-tuning.
1Actually the effective transconductanceg~2of the second stage is less than g~z
by the conductance of the feedback resistor; the fractional reduction in effective
transconductanceis, however, less than the reciprocal of the over-all gain of the
feedback pair. Taking into account the fact that the transconductanceof the first
stage is unaffected by the feedback, one sees that even if the stage gain is as low
as 3 (correspondingto a bandwidth of 20 Me/see for a tube type having a g~/2& of
60 Me/see) the gain of the pair is less than 1 db too high If one assumesg~~= g~z,
rather than the accuratevalue 9:2 = g~.z— (1lR~2).
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Capacity across Feedback Resistor.—It is very important that the
capacity across the feedback resistor be small, because its harmful effects
are magnified, according to the Miller effect, by a factor equal to the voltage gain of the stage. The ordinary half-watt resistor has a capacity of
about 0.3 to 0.5 ~~f; this is much too large to be permitted except in very
wide-band, low-gain cases. Although devices such as enclosing the feedback resistor in a grounded metal cylinder are of value, the only really
satisfactory method is to use special resistors having extremely small
end-to-end capacities.
The IRC type MPN resistor, which has a long
and extremely thin body, has an end-to-end capacity of about 0.02 ppf
and has proved satisfactory.
6.9. Pros and Cons of Different Amplifier Schemes.
Gain-bandwidth
Factor. —Table 6.2 lists the bandwidths that can be attained with i-f
amplifiers using 6AK5’s for over-all gains of 80 and 100 db. In these
calculations the type 6AK5 is fairly conservatively assumed to have a
gz of 4200 pmhos and an interstage capacity C of 10.8 y~f; this means a
g~/(2rC) ratio of 62 Me/see.
For other tube types or other modes of
use of the type 6AK5, the bandwidths are multiplied by the ratio of the
new g~/(2&’) to 62 Me/see.
The additional factor
Arithmetic mean (C,, C,)
Geometric mean (CI,C.J
favoring double-tuned circuits has been omitted from the double-tuned
calculations for three reasons:
1. The factor is usually small: 1.06 for Cl = +C2, for example.
2. The factor is generally absorbed in the larger total interstage
capacity occurring with double-tuned rather than single-tuned circuits; the larger total capacity is caused by the greater physical size
of the double-tuned coil. In a 6AK5 amplifier, for example, the total
interstage capacity is about 10 per cent larger in double-tuned
stages than in single-tuned stages.
3. If desired, the advantage that it represents in gain-bandwidth
product can be achlend with synchronous single-tuned or staggertuned amplifiers by regarding the tuning coils as unity-coupled
autotransformers, in the way described in Sec. 6.7.
Table 6.2 also lists the overshoots accompanying the step-function
responses of the various combinations.
Table 6.2 shows that synchronous single-tuned amplifiers are decidedly inferior in gain-bandwidth product to the other types. Flat-staggered
pairs are slightly inferior in gain-bandwidth product to transitionally
coupled equal-Q double-tuned circuits, and staggered triples are slightly

I
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62.-OVER-ALL 3-DB BANDWIDTHS
OBTAINABLE
WITH TUBESHAVINGA
g~/(2~C) RATIOOF62 MC/SEC

Type of amplifier

Threestages:
Threesynchronoussingle-tuned.
Flat-staggeredtriple
Threetransitionallycoupledequal-(
double-tuned. . . . . . . . . . . . . . . . .
Three transitionally coupled one
side-loadeddouble-tuned.
Four stages:
Four synchronoussingle-tuned
Two flat-staggeredpairs.
Four transitionallycoupled equal-(
double-tuped. . . . . . . . . . . . . . . .
Fourtransitionallycoupledone-side
loaded double-tuned.
Six stages:
Six synchronoussingle-tuned.
Three flat-staggeredpairs.
Two flat-staggeredtriples.
Six transitionally coupled equal-~
double-tuned. . . . . . . . . . . . . . . . .
Six transitionallycoupled one-side
loaded double-tuned,
Nine stages:
Nine synchronoussingle-tuned.
Threeflat-staggeredtriples.
Nine transitionallycoupled equal-(
double-tuned. . . . . . . . . . . . . . . . .
Ninetransitionallycoupledone-sid[
loaded double-tuned.

lvershoot,
%

Over-all
;ain = S@db
bandwidth,
MC/see

Over-all
;ain = 10@db
bandwidth,
MC/see

o
8,15

1.5
2.9

0.65
1.3

7.7

2.9

1.3

7.7

4.1

1,9

0
6.25

2.7
5.0

1.5
2,8

8.4

5.8

3.3

8.4

8.1

4.7

0
7.7
11.2

4.7
9.5
11.5

3.2
6.5
7.8

10 0

11,2

7.7

10.0

15.8

10.8

0
13,0

6.2
17.8

4.8
13.8

12.0

16.7

13.0

12.0

23.6

18.4

superior. Transitionally coupled one-side-loaded double-tuned circuits
are substantially superior, by a factor of @,
to transitionally coupled
equal-Q double-tuned circuits.
Table 6.2 does not show inverse feedback pairs or triples for the reason
that these are essentially identical in gain-bandwidth product with staggered pairs or triples (see Sec. 6“8).
Simplicity. —Undoubtedly
the simplest type of amplifier is that
The tuning coils are as
employing synchronous single-tuned circuits.
simple as possible and are identical from stage to stage.
Stagger-tuned and inverse-feedback
amplifiers also employ very
simple coils. Inverse-feedback amplifiers have the special requirement,
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however, that for satisfactory results the feedback resistors must have
very small end-to-end capacity, about ten times less than the usual halfwatt resist or.
Double-tuned coils are considerably more complicated than singletuned coils. Accurate control is required of the spacer controlling mutual
This
induct ante as well as the primary and secondary induct antes.
greater coil complexity is in many cases the only significant disadvantage
of double-tuned circuits.
Criticalness with Regard to Tube-capacity Variability .—About this very
important matter adequate knowledge does not yet exist. 1 Many points
have not been examined at all, while some points that have been considered are the subjects of opposing statements.
Some statements can be made, however:
1. For a given amplifier type the ill effects of capacity variability
increase rather rapidly with increase in the ratio of fractional
detuningz to fractional bandwidth; this ratio is the significant
parameter.
2. Synchronous single-tuned amplifiers are very tolerant to tubecapacity variability.
This fact together with the extreme simplicity
and the good transient response of synchronous single-tuned
amplifiers makes it wise to use that scheme3 whenever it is not too
uneconomical of tubes, even though its gain times band-width
efficiency is poor.
3. Flat-staggered pairs are less critical than flat-staggered triples.
4. Flat inverse-feedback triples are less critical than flat-staggered
triples.
5. One-side-loaded transitionally coupled double-tuned circuits are
much more critical than equal-Q transitionally coupled doubleIt is for this reason that use is not generally made
tuned circuits.
of the ~
advantage in gain-bandwidth product of the one-sideloaded double-tuned circuit over the equal-Q double-tuned circuit.
Selectivity.-Synchronous
single-tuned amplifiers have poor selectivity; flat-staggered or inverse feedback pairs have squarer pass bands;
and flat-staggered or inverse-feedback triples are even squarer.
An amplifier of six stages made up of three flat-staggered pairs clearly
has less remote-frequent y rejection than a six-stage amplifier of the same
LSee Sec. 7.12 of Vol. 18, Radiation Laboratory Series, for a somewhat fuller
discussion.
2Fractional detuning is the square root of fractional capacity WWiabilit
y, For
6AK5’s the JAN-1A specificationspermit a capacity variability, input plus output,
of f 0.9 y~f. For a 10.&ppf interstagecapacity the fractional capacity variability
y
is * +, and the fractional detuningis t ~lZ.
s Unlessgreaterselectivity is needed.
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over-all bandwidth made up of six transitionally coupled double-tuned
stages.
Transient Response.—A useful principle to keep in mind is that in
minimum-phase-shift
networks the absolute value curve determines the
phase curve, and hence the transient response is completely determined
by the absolute value curve alone. All the networks discussed in this
chapter are minimum-phase-shift networks; hence for all the i-f amplifiers
described here the absolute value curve alone determines transient
response.
Thus amplifiers having the same bandpass shape and bandwidth
have the same transient response, whether they are made up of overstaggered pairs or overcoupled double-tuned circuits; flat-staggered pairs,
flat inverse-feedback pairs, or equal-Q or one-side-loaded transitionally
coupled double-tuned
circuits;
flat-staggered
triples, transitionally
coupled triple-tuned circuits, or combinations of an overcoupled doubletuned circuit and a single-tuned circuit.
Two important features of the transient response of i-f amplifiers are
the rise time, between 10 and 90 per cent, of the envelope of the response
to a step function of intermediate frequency, and the overshoot of the
step-function response.
For all the usual types of i-f amplifiers there is the following
approximate relation between rise time t as defined above and 3-db
bandwidth ~,
tc%= 0.7 to 0.85,
the values closer to 0.85 pertaining to amplifiers of very square pass band.
For synchronous single-tuned amplifiers

m = 0.7
very exactly, no matter how many stages are involved, and there is no
overshoot.
In general the squarer the pass band the greater the overshoot.
Hence Iarger overshoot is the price that must be paid for high selectivity.
The overshoot for m flat-staggered pairs (or m flat inverse-feedback
pairs or m transitionally coupled double-tuned stages) is 4.3, 6.25, 7.7,
8.4, 10.0 per cent for m = 1,2, 3, 4,6 respectively.’
An amplifier of six stages made up of three flatistaggered pairs has
smaller overshoot (7.7 per cent) than a six-stage amplifier made up of
transitionally coupled double-tuned stages (10.0 per cent); the smaller
overshoot is compensation for the smaller remote-frequency rejection.
I For graphs of these and other step-function responses,see Chap. 7 of Vol. 18,
RadiationLaboratory 8eries.
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The overshoot for m flat-staggered triples (or m flat inverse-feedback
triples or m transitionally coupled triple-tuned stages) is 8.15, 11.2, 14.2
per cent for m = 1, 2, 4 respectively.
Gain Control and Gain Stability .—Except for inverse-feedback amplifiers, the individual stages of any of the amplifiers discussed here can be
Inverse-feedback
amplifiers have the disarbitrarily gain-controlled.
advantage that gain control cannot be applied to any stage around which
there is inverse feedback, for the reason that reduction in g~ would also
In feedback chains, therefore, only the
cause reduction in bandwidth.
first stage can be gain-controlled; for a long chain thk may be a serious
handicap.
In amplifiers consisting of inverse-feedback pairs the matter is
less serious, because every other stage can be gain-controlled.
In amplifiers made up of triples consisting of an inverse-feedback pair and a
centered stage, two out of three stages permit gain control.
Compensating somewhat for the smaller flexibility with regard to
gain control is the greater gain stability of inverse-feedback amplifiers.
The improvement in gain stability against g~ variations (due to tube
replacement or heater-voltage variations, for example) is not ‘very great
and, although sometimes useful, is inadequate for use in calibrated instruments. The gain-stabilizing factor is always less than 2, even for long
inverse-feedback chains, 1 and is less than ~ for triples consisting of a
feedback pair and a single-tuned stage. In order to achieve large gainstabilizing factors, other means have to be employed.
6.10. Practical
Considerations.
Safeguards
against Regeneration.
Over-all Feedback .—Great attention to detail is needed to build a stable
amplifier having 100-db or more gain and covering a wide band of freA positive feedback factor as small as 10-o, anywhere in the
quencies.
band, is very serious. Every length of wire, no matter how small, must
be regarded as both an inductance and a capacitance-a
l-in. length of
No. 20 wire has a reactance of 8 ohms at 60 Me/see, for example, and an
~-in. common coupling path in a high-gain amplifier may be more than
enough to cause oscillation.
The important points to watch in guarding against over-all feedback
are
1. Bad ground paths.
2. Waveguide feedback.
3. Inadequate bypassing, of heaters, B+,

gain control, etc.

Point 1 is discussed in Sec. 10.7, and Point 2 in Sec. 10.6.
With regard to 3, it must be kept in mind that a bypass condenser is
actually the series combination of its lead inductance and its capacitance.
1Sec. 6.5 of Vol. 18, Radiation Laboratory Series.
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Because of poor layout or poor choice of type of condenser, it sometimes
happens that a bypass condenser has a high reactance to ground and one
that is rapidly varying over the band.
An especially effective means of bypassing involves the use of “ seriesresonant” bypass condensers, that is, condensers whose leads resonate
with their capacitances at intermediate frequency.
It is important to
achieve this series resonance by means of a large C and a small L; otherwise the low impedance to ground will hold only over a small part of the
band.
With 2000-ppf condensers and a total lead length of only $ in. a
bypass impedance to ground of less than ~ ohm is maintained over the
range 50 to 72 Me/see.
The Q of a bypass condenser is of little importance and may perfectly well be as low as 5 or 10.
A matter of practical importance is the necessity of grounding all
coaxial leads connected to a high-gain amplifier by spreading the braid
in circular fashion and grounding all around the perimeter.
Quite often regeneration is introduced into an amplifier by incorrect
methods of attaching connections for measurements.
The only safe
way to make measurements is either to reduce the gain, preferably by
removing tubes, or to make all connections very accurately coaxial.
It
pays very well to spend the time required to construct an adequate set
of coaxial fittings, adaptors, and plugs.
One-stage Feedback.—This is of less common occurrence with wide-band
amplifiers than over-all feedback but may occur at high intermediate
frequencies if the stage gain is high, because of grid-plate capacity.
A
grid-to-plate voltage gain of about 20 is about as much as is comfortable
with 6AK5’s at 30 Me/see and less at 60 Me/see, according to the formula
that oscillation can occur (if the plate circuit is suitably detuned from
the grid circuit) for a stage gain greater thanl

Parasitic Oscillations. —Experience
has shown danger of parasitic
oscillations at about 500 or 600 Me/see in i-f amplifiers using 6AK5’s
when high-Q (silvered-mica button) bypass condensers are used. These
parasitic are avoided by inserting 10-ohm carbon resistors in the paths
between B+ and screen pins. Low-Q bypass condensers are also effective
and are thus seen to be an advantage.
1With regardto the ratio g~/C!~Pthe type 6AK5 is only about one-fourthas good
as the type 6AC7; the g- is only half, and the actual grid-plate capacity is about
double, taking into account the larger capacity across the tube socket.
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Means of Detecting Regeneration.—A variety of practical methods for
determining and localizing regeneration are discussed elsewhere. I
Tube Type.—As is well known, for wide-band applications tubes of
high g~/C ratio are needed such as the type 6AC7 or type 6AK5.
For the
higher intermediate frequencies, above 30 Me/see, the type 6AK5 with its
short cathode leads is preferable to the type 6AC7 because of its much
smaller input conductance (about 2000 ohms for the type 6AC7 at 60
Me/see and 50,000 ohms for the type 6AK5).
The type 6AK5 has a
somewhat greater g~/ C ratio than the type 6AC7.
Small-size tubes are,
of course, needed for applications requiring great compactness.
The requirement for greater performance (greater bandwidths, for
example) in i-f amplifiers will surely lead to” even closer integration of
the actions of the amplifying tube and the amplifying circuits, until an
A first step in
amplifier will be indistinguishably a tube and a circuit.
this direction may be the development of “ packaged” i-f amplifiers
employing soldered-in baseless subminiature tubes together with circuits
of high complexity and efficiency, adjusted at the factory to the particular
tubes in use.
6.11. Overload Behavior of Amplifiers. -As
a result of the wide
dynamic range of input signals and the high gain of the i-f amplifier, the
later stages of the i-f amplifier of a radar receiver are subjected to signals
that are well above the level at which operation is linear. It therefore
becomes important to study the behavior of an amplifier under such overload conditions.
Effects of interest are found both during and following
a strong signal and may be traced to factors involving circuit design as
well as factors due to the internal behavior of the amplifier tubes.
Eflects during the Signal.—If an adjustable c-w signal is applied to
the grid circuit of a typical amplifier stage, the output of the stage will
be found to increase linearly with the input as long as both are small.
With larger signals, however, the output increases less rapidly and finally
With still larger input, the output will usually
reaches a maximum.
decrease. For many applications the quantity of interest is the slope of
the curve obtained by plotting input against output, since this incremental
gain is a measure of the ability of the stage to reproduce a small variation
in the input signal. A convenient method of measurement is to apply
simultaneously a small pulse-modulated i-f signal of fixed magnitude and
a variable c-w signal. Both input and output circuits of the stage under
test are provided with diode detectors so arranged as to permit separation
of the pulse and c-w components of the signals. If the pulse signal at
the input circuit is maintained constant as the c-w input is varied, the
magnitude of the output pulse will be a measure of the incremental gain,
and the d-c output of the diode in the plate circuit will be a measure of
1Sec. 8.5 of Vol. 18, Radiation Laboratory Series.
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of vacuumtubes.
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the output of the stage. Results of such measurements are plottedl
in Fig. 6.12. When the c-w input signal is greater than the value cor1In order to permit some compression of the larger values of ordinates and
abscissasand at the sametime to retainthe zeroson both scales,the curvesareplotted
on coordinatesin which the lengths of the ordinates and abscissasare proportional
to the square root of the numerical magnitudes. IYotethat the geometrical slope
of the input-vs.+utput curve so plotted is no longer equal to the incrementalgain.
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responding to maximum output, the slope of the curve and hence the
The output pulse as viewed on an
incremental gain become negative.
oscilloscope or synchroscope will be observed to become inverted in
In Fig. 6.12, the absolute magnitude of
agreement with expect ation.
pulse height or incremental gain has been plotted.
If the circuit is so arranged as to permit independent measurement of
the d-c plate and screen-grid currents, it will be found that when the c-w
signal reaches the point corresponding to zero incremental gain, the
screen current rises sharply and the plate current may fall somewhat.
This behavior is particularly marked in the case of tubes such as the
6AC7 or 6AG5 in which the plate is made up of two small rectangular
sections instead of a cylinder completely enclosing the rest of the structure. The hypothesis may be advanced that this behavior is due to
the action of the control-grid support rods. 1 As long as the control grid
is negative, these rods act as an electron lens to focus the electrons in
narrow beams that strike the plates.
When the control grid becomes
positive, however, the electron paths are such that many of them miss
the plate and arrive instead at the screen. An increase in the plate
voltage brings some of these stray electrons back to the plate and thereby
increases the maximum output somewhat, as is observed experimentally.
Another confirmation of this view may be found in the influence of a
magnetic field. If a small permanent magnet is placed around a tube
such as a 6AG5 in such a way that the magnetic lines are normal to the
plates, the input signal for zero incremental gain may be increased by as
much as 30 per cent. This action may be ascribed to the constraint on
the electron paths causing more of them to be confined to the plates.
For the range of bandwidth or plate-load resistor of interest here,
these overload effects set in at approximately a fixed plate current.
The
maximum output of a tube will therefore be approximately proportional
Tubes of
to the load resistor or inversely proportional to the bandwidth.
different types having different plate-to-ground
capacitances may be
compared under conditions of equal bandwidth.
The performance of a multistage amplifier may be predicted by the
usual graphical method in which the output of one stage is used as the
input of the next. It is found that an important factor is the sign of the
incremental gain at the point where the c-w output is equal to the c-w
input.
If the incremental gain is negative at this point, it is necessary
to provide special protective circuits of the sort described in Chap. 9
to avoid undesirable overload effects.
If, on the other hand, the incremental gain is still positive, as would be the case in an unusually wideI Chai Yeh, “ The Effect of Grid-SupportWires on Focusing Cathode Emission,”
%oc. IRE, 84, 444, July 1946.
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band amplifier, the over-all performance without such protective circuits
is relatively good.
Eflects Following a Signal.—The
usual manifestation of overload
effects after a strong signal takes the form of a transient reduction of gain.
The part that is due to the internal behavior of the tubes has sometimes
been called the “ Whippany effect” or “blackout effect.”
It appears to
he closely analogous to the anode effect that has been studied by Copelandl and others. It is assumed that the surface of a metallic electrode
such as the control grid of a tube may at times become partially covered
This layer might arise from traces of
with a very thin insulating layer.
oxides, from material evaporated from the cathode, or from miscellaneous
contamination.
If an electron current is drawn to the electrode in question, some electrons may remain on the surface of the insulating layer for
While these electrons
an appreciable time, of the order of microseconds.
are so trapped, they act to maintain the potential of the region near the
Thus the tube is effecelectrode more negative than the normal value.
tively biased off for a short time after the end of a signal strong enough to
cause grid current to be drawn, and the gain is reduced accordingly.
In
the case of video amplifiers or plate detectors (See Sec. 7.7) the effect is
much more serious, because the transient shift in apparent grid potential
appears as a spurious signal instead of a change in gain. It is found that
there is considerable variation from tube to tube, even in a single lot of
Otherwise good tubes that show this
supposedly identical manufacture.
effect are, however, usually satisfactory in the early stages of the i-f
amplifier where signals never reach a value sufficient to cause grid current.
The effects originating in the external circuit can usually be traced to
transient shtits in electrode voltages produced by charges on bypass or
coupling condensers.
During the overload signal, the operation of the
tube is nonlinear, and the average currents to the various electrodes, in
particular the screen and control grids, may increase markedly.
A somewhat more detailed consideration of the various circuits in which this
effect may arise and of the effective time constants for its decay is given
in Sec. 19.5. In i-f amplifiers, the ordinary way to avoid such difficulties
is either to make the offending time constant so short that recovery is
rapid enough to meet requirements or to make the time constant so long
(in the radar case, long compared with the repetition rate) that a steady
state is reached.
1P. L. Copeland, “Anode Effect as a Function of Temperature,” Phys. Rev., 57,
625 (1940), and referencesthere cited.
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DETECTORS

BY W. H. JORDAN
7.1. Introduction.-The
output of the last i-f stage of areceiver isin
the form of a modulated sine wave, the information being carried by the
rnoclulation frequencies.
Thesine wave may beeit,her frequency rnodulated or amplitude modulated.
Methods for removing the carrier frequency and recovering the modulating frequency in the case of amplitude
Such a circuit is called a
modulation will be discussed in this chapter.
second detector.
The ideal second detector will reproduce faithfully the envelope of
the carrier; that is, the rectified voltage at the terminals of the second
detector will be directly proportional to the amplitude of the carrier.
If the amplitude of the carrier changes greatly from cycle to cycle, it
Physically this means that the
becomes difficult to define the envelope.
modulation frequencies are approaching the carrier frequency, so that a
This difficulty will not be troublecomplete separation is impossible.
some so long as the bandwidth of the i-f amplifier is small compared with
the intermediate frequency.
In practice, the intermediate frequency
must be chosen considerably higher than the highest modulation frequency desired to avoid imperfect reproduction of the modulation
envelope.
In addition to reproducing the envelope of the i-f carrier, a practical
detector should be reasonably efficient; that is, for a given carrier voltage
from the last i-f stage, the rectified voltage should be as large as possible.
Practical detectors may depart considerably from the ideal and thus give
rise to various types of distortion of the signal. The amount of distortion
tolerable and the requirements for the detector depend greatly on the
application.
In a broadcast receiver it is necessary that the detector be
linear, for a square-law detector generates harmonics of the modulation
frequency that are disagreeable to listen to. In a radar receiver considerable departure from linearity can be tolerated, but the transient response
must be good.
The emphasis in this chapter will be on detectors for
high-frequency pulse reception.
7.2. Two-electrode
Detectors.
Single Diode Tube.—Perhaps the
It is simple to use, is
most widely used detector is the single diode tube.
linear for signals above 1 or 2 volts, does not overload readily, and pro188
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vides a convenient. source of AGC voltage.
It does not have the gain
inherent in plate or grid detection, but this defect is partly offset by the
small amount of power consumed and the
It also loads
small amount of space required.
the i-f stage driving the detector fairly heavily,
but this is not usually a disadvantage in wide~
band receivers, for the stage must be loaded
~
in any event.
The ideal diode would have a voltage-current characteristic
as shown in Fig. 7.1.
Voltage
There would be no conduction in the back k
FIQ. 7.1.—Ideal diode chardirection. and the current would be a linear
acteri8tica.
function of the applied voltage in the forward direction.
The inverse of the slope of the curve (the forward
resistance) should be small in order to achieve good efficiency with low
load resistance.
I

1

Tube
6AC7
6AK5 (A)
6AK5 (B)
6J6
6H6
9006
6AG5 (A )
6AG5 (B)
CV140
6AL5 ?
6AL5 *
!

~
-1.0

.

I

I

Detector capacity
Input
output
.%%
19.0
6.7
7.9
7.1
4.2
7.9
5:1
3,4
7.2
3.2
3.4
2.4
3.9
4.6
1.7
1.8
2.4
1.6
5.4
7.8
7.3
4.0
8.5
7.0
2.9
2.1
1.8
3.3
2.1
1.6
3.0
1.85
2.4
I

!

1

-0.2

I
Milliamperes
7_

I

6
German~k
crystal

1
6AC7

5

/
6AG5

4

3

0

+0.2

+ 0.4

+ 0.6

+0.8

+1:0

volts
Fm. 7.2.—Low-leveld~odecharacteristics, Actualinputcapacityis equalto thevalue
givenin thetableplustheanode-cathodecapacityin serieswiththedetectorload capacity.
Connectionsfor 6AG5and 6AK5 are as follows:(a) All positiveelectrodesusedas anOde;
(b) grid used as anode, screengroundedthrough0.15-megohmresistorbandbypassed.
Both connectionshavesamed-c characteristics.Forthe6J6,6H6,andCV140,onehalfof
thetube is used.
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Characteristic curves for some commerically available diodes are
shown in Fig. 7.2. They depart from the ideal curve in two respects.
(1) The slope is not constant, and (2) the curves do not pass through the
origin.
By operating at i-f levels of several volts, the distortion is minimized and amounts to only a few percent even for broadcast reception.
The single diode detector circuit
cd
may take many forms, but the one
~--lr---l
shown in Fig. 7.3 is fairly typical.
1
The inductance LI is tuned to resoI
IB
nate with the total capacity to
ground at the intermediate frequency.
This capacity is made up
R
Cb
of the output capacity of the i-f
1
4*
stage, plus the input capacity of
=
=
=
the diode, plus stray capacity due
FIG.7.3.—Diode-detectorcircuit.
to sockets and wiring.
The condenser Ch is an i-f bypass condenser.
The signal voltage appearing
across L1 is divided across Cb and cd, the plate-to-cathode -capacity
of the diode.
To get good rectifying action, most of the signal voltage should be impressed across cd, and therefore cb should be much
larger than C& The diode load resistance R then determines the video
bandwidth.

.,

t5Lt-

1~sec —
(b)
Fm. 7.4.—Second-detector
action.

The operation of the detector can best be explained by reference to
Fig. 7.4. The dashed line represents the voltage appearing across L,,
in this case a pulse packet of sine waves.
Since cb is assumed to be considerably larger than Cd, most of the voltage will be impressed across the
diode.
The solid line represents the voltage at Point B. When the
voltage at Point .4 is grea:ter than that at Point B, current flows through
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the diode and condenser cb is charged so that the potential at B is
increased.
Thecurrent is givenat anyinstant bythedifference
in voltAs soon as the voltage
age between A and B and the diode resistance.
at A becomes less than B, the diode ceases conducting and cb discharges
exponentially through R.
The time constant for discharge has arbitrarily been chosen as 6
cycles of the i-f sine wave.
Then, if the intermediate frequency is 30
Me/see, the time constant would be 0.2 ~sec. This corresponds to a
video bandwidth of a little less than 1 Me/see.
The amount of charge conducted by the diode on succeeding cycles
becomes gradually smaller for two reasons.
(1) The voltage across the
diode is less because of the increase in voltage at B. (2) Conduction
takes place during a smaller fraction of the cycle as the voltage at B
increases.
As a result, the voltage at B approaches an equilibrium
value Ez, which is less than the peak voltage El.
The detector efficiency q is defined as the ratio of E, to E,; that is,
(1)
By making the diode load resistance R large, the detector efficiency can
be made to approach unity.
When the detector efficiency is high, however, there is a third effect in addition to the two mentioned above;
namely, the diode resistance becomes large because the peak voltage
across it is small (see Fig. 7.2. ) Efficiencies of 90 per cent may be
obtained in broadcast receivers, whereas 50 per cent or less is common in
radar receivers where R is usually less than 5000 ohms.
An expression for the efficiency’ of a detector can be obtained if it is
assumed that the current through the diode is a linear function of the
voltage across it, that is, in the conducting direction it has a constant
resistance Rd. First, consider the case where the condenser C, (Fig. 73)
is so large that there is only a small change in voltage across it during the
cycle.
Under these conditions it can be shownz that the efficiency q is
given by
:,

= <1

– ~’r:

q Cos-’ q“

(2)

A graph of Eq. (2) showing q as a function of R/& is shown in Fig. 7.5.
The more general case where the time constant RC6 is not large compared
1In defining efficiency it is postulated that the voltage applied to the detector
shall be a pure sine wave and that steady-stateconditionshave been attained.
~C. E, Kilgour and J. M. Glessner,Pmt. IRE, July 1933. For a thorough
analysis of detectors see K. R. Sturley, Radio Receiuer Design, Vol. 1, Wiley, New
York, 1943.
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with the reciprocal of the intermediate frequency is considerably
When Ch = O, the efficiency can easily beshowntobel
complex.

more

(3)
which hasamaximum value of28per cent for Rd <<R.
As Cbisincreased,
the efficiency rises, approaching asymptotically the value given in Eq.
(2). Theefficiency till beconsiderably
less than the asymptotic value
as long as the reactance of Cb at the intermediate frequency is comparable
to the resistance f?, which is normally the case in a wide-band receiver.

R
z

Fm. 7.6.—Diodedetectoreficiency as a functionof the ratio of load resistanceto diode
resistance.
The effect of the diode load resistance on the pulse response may be
seen in Fig. 7-4, where the voltage at B has risen to nearly the steadystate value in about 3 cycles.
For a 30-Mc/sec intermediate frequency
the time required would be 0.1 psec, which would be reasonable for a
l-ysec pulse. The time for the pulse to fall from 90 to 10 per cent of the
steady-state value is somewhat longer and can be determined exactly
from a knowledge of the time’ constant Rcb. As R is increased, the fall
time becomes proportionately larger. The rise time also becomes somewhat greater but not in a dkect proportion to R. As R is increased, the
time required for Vb to reach a given value is slightly decreased because
there is less discharge between cycles.
On the other hand, since the
equilibrium value is higher, more time will be required to reach 90 per cent
1Sturley, 0p. cit.
xThe fall time for a single R(l-circuit is 2.2 times the time constant, or 0.44 psec
in the presentcase.
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of this value.
Thus, in contrast to the usual video and i-f amplifier
circuits, the rise time and fall time are relatively independent.
This
fact has sometimes led to confusion as to the choice of the diode load
resistor. Actually, one must design conservatively and choose R on the
basis of fall time, as is the case for any video stage (see Chap. 8).
The phenomenon of quick rise and slow fall has been made use of in
the so-called “pulse-stretching”
circuit, which is often used in radar
sets in connection with beacon reception.
The beacon signals are usually
about 0.5 gsec long; and although they are much stronger than the noise,
they may not stand out on the screen of the cathode-ray tube so clearly
as might be desired, because they are not appreciably longer than the
noise impulses and because the signals are limited in amplitude at a
value no higher than that attained by many of the noise impulses.
To
make the signals stand out more clearly, a switch or relay is provided for
increasing the diode load resistor by a factor of about 10. The beacon
signals then come up to full brightness on the screen as quickly as ever
and are extended in range over several microseconds.
The ultimate
sensitivity of the receiver to the beacon signals is not improved, but the
signals can be seen much more readily.
In Fig. 7.4a, the envelope of the i-f pulse has not been faithfully
reproduced by the detector because the detector time constant 0.2 psec
is much too long for the pulse length 0.2 psec. Figure 7.4b shows the
detector output voltage when a l-psec pulse of the same frequency and
amplitude is applied.
(The time scale has been compressed greatly.)
The reproduction is now much better although still a bit slow. To be
satisfactory for pulses as short as 0.2 ~sec, the detector time constant
would have to be approximate y 0.02 psec. With so short a time ccnstant, the discharge between cycles would be a great deal more and the
steady-state voltage would therefore be much less. This loss in efficiency
can be overcome only by having a greater increase in the voltage Vb during
the charging cycle or by increasing the time of charge by using a push-pull
detector.
A greater increase in voltage during the charging portion of the cycle
can be obtained only by increasing the current (less resistance) or by
decreasing the capacity cb (Fig. 73) and therefore correspondingly
decreasing c,.
A- diode, therefore, must be judged not only by its resistance but also by its capacity.
Referring to Fig. 7.2, one can see that the
6AC7 has a low forward resistance but a large capacity.
The 6H6 has
very low capacity but a relatively high resistance.
The 6AL5, a double
diode in a miniature bulb, is reasonably good in both respects and has
been widely used in recent receiver design. A possible figure of merit for
a diode would be its for~vard conductance divided by the anode-cathode
capacity.
The conductance cannot, however, be reduced indefinitely,
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even though the capacitance is correspondingly reduced, for the detector
time constant depends on the total capacity across the diode load resistance. Thedetector must drive thegrid ofafollowing
stage wMch hasa
fixed amount of capacity.
Thus, thetotal capacity would approach not
zero but rather the input capacity of the next stage. On the other hand,
it would not be desirable to increase the conductance indefinitely with a
corresponding increase in interelectrode capacitance, because the current
through the &lode depends not only on the diode conductance but also
on the impedance and capacitance of the driving circuit.
What is needed in a diode, then, depends on the particular application.
Its resistance should be low compared with the &lode load resistance and
the impedance of the i-f stage driving the detector.
Its anode-cathode
capacity should be considerably lower (by a factor of 10) than the input
capacitance of the following stage.
Interaction between Detector and I-j Stage.—In the previous discussion
it has been assumed that the i-f generator driving the detector is a constant-voltage, low-impedance generator that is not affected by the current drawn by the diode.
Such is never the case in a practical receiver,
and,not only is the i-f amplifier loaded by the detector, but, conversely, the
detector performance is dependent on the characteristics of the amplifier.
To get some idea of the amount of loading that the detector puts on
the i-f stage, consider again the case of a zero-impedance voltage generator
connected to Point A, Fig. 7.3. Assume the diode resistance to be zero
and the bypass condenser C to be so large that there is no appreciable loss
in voltage between cycles.
These are the conditions necessary for 100
per cent rectification efficiency so that Ez = El. Since the voltage
E, appears across the diode load resistor R, the power dissipated in this
resistor will be E~/R. This power must be delivered by the generator.
If the diode is replaced by a resistance R. that will absorb the same
amount of power from the generator, then

If the diode resistance is not zero, one can show that the equivalent
resistance is given by the expression
TR
R. =
(4)
Cos–lq — T<l
— llz
In order to bracket the usual case ~rhere C is not very large, consider
the other extreme of C = 0. By a somewhat similar argument it can be

I
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shown that
h?, = 2R +- R,.

(5)

When C is small but not zero, the loading will be somewhere between the
value given by Eqs. (4) and (5). A frequently used approximation is

The action of a second detector in a receiver can be approximated
somewhat more closely by the circuit shown in Fig. 7.6a. The last i-f
stage is represented by the sine-wave voltage generator VI of impedance
RI. Cl is the total capacity to ground, that is, i-f stage output capacity
plus diode input capacity plus
A
stray capacities, all of which are
resonated at the intermediate frequency by L1. The voltage waveforms at Points A and B are
shown in Fig. 7.6b. (Steady-state
conditions have been reached.)
The voltage appearing at A is no
(a)
longer a sine wave, the departure
being most noticeable at the peaks
because of the clipping action of
the diode.
Energy is delivered to
the tuned circuit by the generator
over all of the cycle and extracted
by the diode over a fraction of the
cycle. When the voltage at A
(b)
Fm. 7.6.—(a) Equivalentdetector circuit;
reaches a value Es, the diode con(b) detectorwaveforms.
ducts and Cl and Cz are therefore
in parallel.
If the diode had not conducted. the energv
-. stored in L, at
the time tl would have been sufficient to charge Cl from a voltage E5 to
Ea. (Some of the energy would have come from the generator.)
Since
this energy must be shared between Cl and Cj, the voltage will rise only
to a value E4 such that

Thus, even with a diode having zero resistance, the increase in voltage
per cycle at the detector output is limited by the ratio of capacitances.
The efficiency is affected and also the rise time.
This fact is of importance in the measurement of detector efficiency.
Since efficiency is defined in terms of a sine-wave input, such distortion
as is shown in Fig. 7.6b must be avoided.
A high-Q circuit is usually
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necessary to filter out generator harmonics; it is also necessary to make
C, much larger than Cz.
7.3. Push-puU Detectors.-It
has been shown that the time constant
RC of the detector load must be short if the detector is to reproduce short
pulses. Lowefficiency results because thecharging time issmall and the
It is possible to double the charging
condenser is rapidly discharged.
time bythe use of thecircuit shown in Fig. 7.7.
If the efficiency is defined as the ratio of the rectified voltage Ez
appearing at the output of the detector (Point B) to the peak voltage El
applied to each diode plate, then the efficiency of the push-pull circuit is
higher than that of the single
cd
diode.
On’ the other hand, the
_-q
r .--+,_-total voltage across the secondary
I
9
1
1
must be twice that of the single
8
Lp
coil used previously.
In addition,
L,,
B
‘2
c
there is the added complexity of
1
the transformer and the additional
3
.’.: C*
R
.i
diode.
For these reasons
the
-r C,
1
-- -1
push-pull circuit is not commonly
I
:4
*I1
used. It “does, however, have
L ----+---J
some additional advantages.
The
Cd
i-f return circuit is complete withFIG.7.7.—Push-pulldetector.
out any capacity at Cl, so that
there is no loss in i-f voltage across the diode when C, is small. Also,
the ripple frequency at the output of the detector is double the intermediate frequency, and the filtering problem is therefore greatly simplified (see Sec. 7.5).
Another advantage of a push-pull detector concerns the accuracy of
In an MTI system, echoes from
reproduction of the pulse envelope.
stationary targets are eliminated by subtracting the video pulse received
on a particular transmission from that received on the preceding transmission.
How complete thk cancellation is depends on how much alike
the two video pulses are. The i-f pulses may be identical in every respect
except for phase difference.
As may be seen from Fig. 7.4, the exact
timing and shape of the video-pulse rise depends upon the phase of the
i-f pulse. There would be considerably less dependence on phase if a
push-pull detector were used, because information as to the amplitude of
the i-f sine wave would be received twice as often.
An alternative proposal for driving a push-pull detector has arisen in
connection with the MTI-receiver development (see Chap. 21). It is
shown in Fig. 7.8. A double triode is used, so that only a single tube
In addition, it has been shown that triodes have
envelope is required.
better output capabilities than pentodes.
The second triode section,
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operating as a grounded-grid stage, needs no neutralization; the first
section is neutralized by connecting a condenser from the plate of the
second section to the grid of the first, the capacity being equal to the plateto-grid capacity of the first triode section.
Each plate is connected to
one of the diodes of the push-pull detector through a single-tuned coupling
network, thus avoiding the use of a coupling transformer and the associated difficulties of maintaining balance in spite of stray coupling.
B+

1

b,

I
* ,1

—-

FIG.7.8.—Double-triodei-f stagefor drivinga push-pulldetector.
7.4. Crystal Detectors.—Crystals
have been used as low-level detectors for many years. Only recently, however, have crystals been developed with properties that make them suitable for use as second detectors
where the voltages are relatively high. The development of the hlghvoltage germanium-crystal rectifier has made this possible. 1 For comparison with the more usual vacuum-tube diode, the characteristic curve
for a typical crystal is shown in Fig. 7.2. The conductance in the forward direction is considerably higher than that of any tube, the forward
resistance being usually less than 100 ohms at 1 volt.
This value would
indicate that the crystal would be particularly useful in wide-band
receivers where the diode load resistance is low.
In addition to the property of high forward conductance, the crystal
has other inherent advantages over the tube diode.
Its interelectrode
capacity and capacity to ground are very low (around 0.5 ppf), and this
property is helpful in both the i-f and video circuit.
It requires no heater
power and can contribute no hum. It requires little space, since the size
of the unit is about that of a half-watt resistor. It is equipped with
pigtail leads and can be soldered into the circuit, thus obviating the need
1For a more completetreatmentof the subject of germaniumcrystalssee Vol. 15
of this series.
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for sockets.
Since the crystal also has a very small and stable contact
potential, the current-voltage curve passes through the origin. This,
coupled with the further advantage of reaching the linear region at a
low voltage, makes the crystal detector more efficient at small input
voltages.
Crystals are inferior to tube diodes in two respects.
(1) They do
conduct in the reverse direction, and (2) the reverse voltage that may be
applied is limited.
It isin these two respects that germanium crystals
are superior to crystals previously developed.
How good they are can
be seen from the specifications placed on two types of germanium rectifier
units manufactured by Western Electric, the D171561 second-detector
unit and the D172925 d-c restorer unit. The former type is required to
withstand an inverse peak voltage of at least 50 volts, and the latter is
required to have a back resistance greater than 60,000 ohms at —50
volts and greater than 0.25 megohm at —5 volts.
The finite value of back resistance and inverse peak voltage limits the
First, the crystal loads the
usefulness as a second detector in twoways.
The amount
i-fstage even though the diode load resistance isveryhlgh.
of loading varies greatly from crystal to crystal and becomes heavier as
the i-f voltage increases.
The loading also increases with frequency so
that it cannot be predicted from an inspection of the d-c characteristic
of the crystal.
A minimum equivalent resistance of 2000 ohms at 30
Mc/secis specified forthe D171561 unit. Although this much loadingis
tolerable in wide-band receivers, thevariation unloading is inconvenient.
In narrow-band receivers a tube diode will give better over-all performante. The second limitation is on the maximum voltage out of the
detector.
With agoodcrystal
this may benearly20
volts, with a poor
crystal only 80r10 volts.’
This voltage may, however, be adequate for
many applications.
Even inradar receivers where alargeratio
of maximum voltage to limit level is desired, there is always the possibility of
limiting after some video amplification.
This procedure is especially
indicated when crystals are used, because crystals are linear for smaller
i-f voltages than tube diodes.
Recent receiver developments have included receivers with logarithmic response to signals and receivers with d-c feedback loops around
individual i-f stages to prevent overloading.
Such circuits require detectors at the plates of several of the i-f stages. If tube detectors are used,
the added capacity reduces the gain-bandwidth product, thus making
In such cases crystal detectors
wide-band receiver design very difficult.
have proved valuable.
1Theseresultswereobtained with a wide-banddetector circuit in which the diode
load was 1000 ohms andthe i-f bypass condenserwas 10~~f.
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At present it appears that germanium crystal rectifiers can be used
in place of tube diodes in detectors for wide-band receivers.
Developments in the art of making germanium crystals have shown that considerably higher peak voltage and back resistance are possible.
If such
crystals can be produced in large numbers at reasonable cost, their usefulness as second detectors will be greatly extended.
7.5. Low-pass Filter between Detector and Video Amplifier.-It
has
been shown that the voltage at the output of the detector is not steady
but varies during the i-f cycle as the condenser is charged and discharged.
In very wide-band circuits this variation or ripple may be as large as the
d-c component.
There are several reasons why it is undesirable for these
fluctuations to be transmitted to the video amplifier.
(1) The design of
the amplifier must provide for larger grid swings if the ripple is superimposed on the video signal.
(2) In a half-wave detector the fundamental
frequency of the ripple is the same as the intermediate frequency.
Since
the level at the detector output is high, only a very small amount of
coupling to the input of the i-f amplifier is required to produce regeneration. The video amplifier frequently provides this feedback path, and
it is much simpler to attenuate the i-f signal by a filter between the
detector and video amplifier than
by screening and filtering the leads
A
to the video amplifier or improving the i-f amplifier shielding.
This is usually the compelling
reason for including the filter in
radar receivers.
Receivers with
*
push-pull detectors do not suffer
FIG.7.9,—Low-passfilter.
from this trouble because the
fundamental ripple frequency is double the intermediate frequency.
(3) In some receivers, such as television receivers, low-order harmonics
of the ripple frequency may fall within the r-f pass band.
If these
harmonics are allowed to get into the video amplifier, they maybe reradiated and picked up on the antenna, causing annoying interference effects.
In the event that a low-pass filter is required between the detector
and the video amplifier, it frequently takes the form shown in Fig. 7.9.
The inductance L should present a high impedance to the ripple frequencies but a low impedance to the video frequencies.
“ High” and
“low” are relative to the impedance of C, at the same frequencies.
In
a receiver with a 30-Mc/sec intermediate frequency and a video amplifier
2 Me/see wide, the choice of L is noncritical.
Frequently L is chosen so
as to be self-resonant at the intermediate frequency.
A 10-ph pie-wound
choke, for example, has a distributed capacity of about 2.5 p~f, so that it
will be self-resonant in the region of 30 Me/see and will thus present a
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At frequencies much higher than the
high impedance at this frequency.
resonant frequency, the coil acts like a condenser and the filter becomes a
capacity divider.
Since this capacity can never be higher than the distributed capacity, the coil may still be a fairly effective filter. If, for
example, the input capacity C2 of the video amplifier were 15 ~pf, the coil
would attenuate high frequencies by a factor of at least 15/2.5 or 6.
Thus, higher harmonics are considerably attenuated.
If the self-resonant frequency of the coil is considerably below the intermediate frequency, it will still be a good attenuator at the intermediate frequency as
long as the distributed capacity is low. This property accounts for the
observed noncriticalness of the coil.
Although the inclusion of the inductance L does not reduce the video
bandwidth and may be chosen to increase it, it does adversely affect the
efficiency.
For this reason some designers omit it whenever possible.
It has previously been pointed out that when the voltage at Point B
(Figs. 73 and 76) falls rapidly between i-f cycles, the efficiency is low.
If the filter is effective, the voltage at Point D (Fig. 7.9) will be constant
under steady-state conditions; the capacity Cz is, therefore, unimportant.
The voltage at B, however, will fall off exponentially between cycles with
a time constant of RC1. Therefore, even with diodes having low plateto-cathode capacity, Cl must be fairly large to obtain reasonable efficiency.
For example, if R were 1000 ohms and Cl were as much as 10 ppf, the
efficiency at 30 Me/see would be only 40 per cent, even with a perfect
diode.
Thus, the efficiency depends upon the time constant RCI,
whereas the video bandwidth depends on the time constant R (Cl + Ca).
If there is no filter, the two time constants are the same and the capacity is
kept as low as possible.
With the filter, a capacity Cl must be added and
R reduced.
One attempts to find the value of Cl and R that will give the
most gain and yet maintain the required video bandwidth.
The gain is
measured under steady-state conditions in terms of the d-c voltage out
of the detector and the signal voltage at the grid of the last i-f stage.
Whether R is placed at the input or the output terminals of the filter
has been shown experimentally to make little difference in detection
efficiency.
In the case of a perfect diode with Cl = O and L infinite, the
resistance should be at the diode side of the filter, for it has already been
shown that in this case the efficiency is I/r.
If the resistor were on the
output side of the filter, the current through the inductance would have
to be constant.
Since the capacity Cl is zero, the current through the
diode would be the same constant and hence the voltage at Point B would
be the same as the voltage at A. But since the average value of the voltage at A is zero, the average value at B must also be zero. Hence, the
voltage at D is zero, and the detector efficiency is zero.
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If the inductance L is chosen to series-peak the video, the location of
R is determined by the ratio of the capacities C, and Cs.
7.6. Video Peaking of Detector Circuits.-It
is possible to obtain a
considerable improvement in the gain-bandwidth product of the detector
This improvement becomes necesby the use of video-peaking circuits.
sary in wide-band receivers where it is important to maintain a large
ratio of maximum detector output to video limit level. The limitation in
advantage to be gained by the use of peaking circuits is set by the amount
of overshoot on the signal that can be tolerated.
Ordinarily detector0.0001

am
?-..

Clamped
oscillator
30Me/se
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“U”‘----TI
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FIG, 7.10.—Push-pulldetector with video peaking. (a) 30-Mc/sec detector; (~)
analogueof circuitat 300 kc/see. Notes: Z’ is a pulsetransformer,type OA-15, manufacturedby UtahRadioProductsCompany.
peaking circuits are designed with the same overshoot criteria used for
video peaking, in which case the design formulas given in the next chapter
can be applied.
Recent investigations, I however, have shown that the
situation is not the same in a detector circuit as in a video circuit and that
The remainder of
more peaking can be used if necessary in the former.
this section will be devoted to a summary of these investigations.
Figure 710a shows a particular 30-Mc/sec detector circuit, and Fig.
7.IOb shows the analogue of this circuit at 300 kc/see.
Here the condensers, even the stray ones, have been measured in the 30-Mc/sec circuit
and reproduced one hundred times larger in the 300-kc/sec circuit, and
1Unpublishedwork done by P. R. Bell and WarrenHenry, RadiationLaboratory.
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the double-tuned i-f circuit between the i-f stage and the detector has
been replaced by a suitable equivalent.
A 300-kc/sec pulse about 15
cycles long isapplied tothiscircuit,
andthe results photographed.
These
aretheresults which could be expected of the30-Mc/sec
circuit, with the
time scale divided by 100, that is, a 0.5-~sec pulse. The use of this
analogue allows the work to be done readily, since the observing instru-

(c)

(i)

(k)
(1)
FIG.7.11.—Detectorandlimiteroperationwithpeakingor filtercircuits, (a) I-f input
pulse; (b) i-f pulseat diodeplate; (c) videooutputpulsewithsmallinputsignal,no filter;
(dl videooutputpulsewithsmallinputsignal,withfilter;(.) videooutputpulsewithinput
signalsomewhatabove limit level and no tilter;(j) video outputpulsewith input signal
somewhatabove limit level and with filter; (g) video outputpulsewith very largeinput
signal,no filter;(h)videooutputpulsewithverylargeinputsignal,withfilter;(t>voltageat
gridof limiterfor conditionsusedin obtaining(g); (j) voltageat gridof limiterfor conditionsusedin obtaining(g) withfilter; (k) pulseappearingat centertapof i-f coilsecondary
underconditionsthat produced(d); (1)pulseshowingeffectupon receivercircuitswhen
signalis detunedfrommidfrequency.

ment (an A/R-scope) with its input capacity of 25 ypf and resistance of
1 megohm can be attached anywhere in the circuit with negligible effect.
Figure 7.1 la shows the input i-f pulse. Figure 7.1 lb shows the i-f
pulse applied to one of the diode plates with the diode removed and a
resistor shunted from plate to plate to give the same effect on the average
as the diode does.
Figure 7.1 lC shows the video output pulse with a small i-f signal input
and no video filter at all except the input capacity C of the 6AC7 video

SEC.7.6]

VIDEO

PEAKING

OF DETECTOR

CIRCIJITS

203

stage and the 1800-ohm load resist or. Figure 711d shows about the
There is
same small signal with the video-peaking circuit in place.
actually no observed change in amplitude of output.
Note that the
signal is now delayed slightly more and falls more quickly with a considerable overshoot.
Figure 7.1 le and j shows the output pulse without and with the filter
for a signal considerably above limit level. The signal in the videopeaked case is now considerably shorter than in the no-peaking case,
and no overshoot appears.
This is the efiect of the diode, there being, of
course, an overshoot at the input of the video filter that is acted upon by
the diode.
Figure 7.1 lg and h shows the output pulse without and with the filter
for a very large input signal. The improvement for the Video-peaking
filter is still obvious.
An overshoot does appear but it is very small.
Figure 7.1 li and j shows the output pulse of the detector at the 6AC7
grid, but as it would appear if no limiting took place. There is an
attenuation factor of 30 used between these pictures and Fig. 7.1 lg and
h. Note that the percentage overshoot is quite small for the peaked
case. Figure 7 Ilk shows the pulse appearing at the center tap of the
i-f coil secondary under the conditions that produced Fig. 7.1 Id. Figure
7.111 is an interesting one included to show the effect upon re,ceiver cirThis picture was
cuits when the signal is detuned from midfrequency.
taken under the same conditions as Fig. 7.1 lb except that the signal is
detuned with no change of amplitude or gain. Notice the beating
between the transient excited at the beginning of the pulse and the driven
oscillations that are at the pulse frequency.
The transient at the end
There is no beating here
can also be seen to be of a different frequency.
because the driven oscillation has ceased. This i-f signal results in a
video output pulse with ears or horns preceding and following.
This
effect is often observed in wide-band receivers, and the beating phenomenon is observed in receivers having i-f bandwidth switching in only one or
two stages when in the narrow-band position with a detuned signal.
The following points should also be noted in connection with these
results.
When the signal is present, the diode output impedance is comparative y low; but when the signal ceases, the diode becomes an open circuit
as long as the video voltage at its output is larger than the falling i-f
voltage in the i-f coupling circuit.
Also, if the signal out of the detector
load is equal to or smaller than the video limit level, a considerable overshoot transient (perhaps 5 to 10 per cent) on top and after the signal can
be tolerated.
When the signal is larger than the video limit level, the
size of overshoot on top of the signal is immaterial, since it is beyond
limit level and not reproduced.
The overshoot after the signal, however,
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cannot be allowed to increase much in actual voltage and must decrease,
therefore, inpercentage asthesignal increases orit.will become a sizable
part of the video limit level and may appear as a second signal or will at
least lengthen a large signal. The diode helps very much with this overshoot and may remove it entirely (as seen at the output of the videocoupling network), since the diode will always be conducting when the
video output changes sign.
7s7. Multielectrode Detector.—The chief disadvantages of the diode
detector described in Sec. 7.2 are the low gain and the loading on the i-f
amplifier.
Other types of detector such as the grid detector, the plate
detector, and the infinite-impedance detector have been used in radio
receivers for many years. Each of these types of multielectrode detector
has certain advantages over the diode that for some applications make
On the other hand, each has some disadvantages, and
it more desirable.
in the case of radar receivers these have been so serious that the diode
detector is used in the majority of cases. Grid detectors have not found
application in radar receivers and will not be discussed.
The plate
detector and the infinite-impedance detector have been used considerably
and will be described briefly in this section.
If an r-f signal is applied to the grid of an amplifier tube that is biased
at or near cutoff, the average plate current increases, the amount of current depending on the amplitude of the signal. Thus, the tube functions
as a detector; and if a resistance is placed in the plate circuit, a rectified
voltage will be developed that is proportional to the average plate current. In the ideal detector the plate-current grid-voltage characteristic
would be linear, and the tube would therefore function as a linear detector
when biased to cutoff.
The rectified voltage E, developed across the
load resistor RL would be
(5)
where E I is peak i-f voltage and g~ is the mutual conduct ante of the tube.
It is assumed that the tube is a pentode, and its plate resistance is neglected.
Thus, the voltage Ez is the same as if the tube were used as an
amplifier following a detector of efficiency 1/r.
If the transconductance
were assumed to be 5000 pmhos and the load resistor 2000 ohms, the gain
EZ/E, would be 3.2. In practice, the efficiency is always less than this
because the cutoff is not sharp and g~ is not constant; in many cases it is
still further reduced by the use of an unbypassed cathode resistor.
The plate detector may be operated with either fixed bias or self-bias.
If fixed bias is used, the situation is fairly simple, and what will happen
under different circumstances can be readily predicted.
With small
signals, the efficiency will be low because of the curved characteristic.
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As the signal is increased, the detector becomes fairly linear until the
signal gets large enough to draw grid current.
Unfortunately, the range
of signal amplitude between the start of linear operation and grid current is not large. This sets a serious limitation in the use of the plate
detector.
As the signal is still further increased, the rectified voltage
increases at first, but for very strong signals it begins to decrease because
of the current drawn by the grid and the screen. How serious this effect
is depends on how large the rectified voltage is compared with the voltage
required to produce limiting in the video amplifier.
Before the reversal of output
B+
occurs, two other troubles may be
encountered.
One is the “blackout “ effect previously described
(Sec. 6.1 1). As the grid draws
RFC
current, it collects a negative
T
1
charge which may not be dis7,<
‘ Cp
sipated for several microseconds
i
1
after the signal is removed, no
&
matter how low the resistance external to the tube may be. Thus,
after a strong pulse, the current
through the tube is reduced.
In
+T
an i-f amplifier, a reduction in
F1~.7,12.—Plate-detector
circuit.
gain results; in a detector the
effect is more serious, for it results in a video overshoot that is amplified
and appears in the output signal. This effect has been exhibited by a
fairly large percentage of 6AC7’S and 6AK5’s.
The same sort of trouble occurs when the resistance in the grid circuit
exceeds a few hundred ohms. Obtaining a fixed bias of 4 or 5 volts
across such a low resistance requires considerable current from the negative supply.
For this reason, plate detectors are usually operated with
self bias by means of a resistor in the cathode circuit as shown in Fig.
7.12. The load resistor R. is chosen to give the required video bandwidth, and CP is usually just the output capacity of the tube. Sometimes
additional capacity is added to reduce the impedance of the plate circuit
at the intermediate frequency.
The efficiency is not affected by (2’, when
a pentode is used. The resistor R~ must be large enough to bias the tube
well into the nonlinear region; a value of 600 ohms has been found fairly
satisfactory with a 6AK5 operating with 105 volts on the screen. The
best value for C~ will be discussed in some detail.
If the condenser C, is very large, say 50 pf, the operation and gain will
be the same as for fixed bias as long as the duty ratio is low. When the
duty ratio is high, the cathode becomes more positive and the tube is
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biased beyond cutoff so that the bottom part of the signals and noise is
clipped.
Although this defect could betaken care of byalo~ver cathode
resistor if afixedduty ratio were maintained, such conditions seldom exist
in a radar set. The duty ratio changes as the antenna scans, and the
amount of noise is not always kept the same. Also, it has been found
that the blackout effect is much worse when a large condenser is used,
probably because of the larger amount of grid current and the higher gain
as a video amplifier.
These factors, plus the inconvenience of mounting
so large a condenser, have made this scheme unpopular.
The next possibility is to make C~ = O. The efficiency for this case
If an i-f signal of peak voltage El is applied
may be calculated as follows.
to the grid, the peak plate current will be

where Rm is given by

The average
and r= is the plate resistance when operated as a triode.
voltage across RL due to half sine waves of peak value 1Pwill then be
(6)
Comparison with Eq. (5) shows that the gain is reduced by a factor of
RQ/R~. With a g- of 5000 pmhos and a cathode resistor of 600 ohms,
Ra/Rk is approximately % (neglecting I/rP) and the gain Ej/E, will
therefore be 0.8, which is not a great deal more than could be expected
from a diode with a 2000-ohm load resistor. This result has been con.
firmed by experiment.
The third possible choice for ck is to make it large enough to have a
fairly low impedance compared with h?k at the intermediate frequency
and yet small enough to have the time constant h?kck small compared
with the pulse length. , A value of 75 ppf has been used in one case.
Under these circumstances the cathode reaches its equilibrium potential
ES during the pulse. As will be shown later when infinite-impedance
detectors are discussed, the magnitude of Es can be calculated as in a
diode detector and can be expressed by the relation
(7)
Neglecting the current drawn by the screen,
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therefore.
(8)
If q is assumed to be O.4, the gain is
E,
— – 1.3,
E, –
which is approximately 2.5 times as much as could be expected from a
diode detector.
Against this rather considerable gain of a plate detector must be
weighed its disadvantages.
Itsuffers from overload troubles and requires
plate power.
Therectified voltage isgenerated intheplate circuit and is
B+

FIG.7.13.—Platedetectorwithload in cathodecircuit
Troubles with powernot at a convenient level for use in an AGC circuit.
supply hum and feedback are much more likely.
The last-mentioned difficulties can be avoided to a large extent if the
load resistance is placed in the cathode circuit as shown in Fig. 7.13.
The i-f voltage is applied by means of a transformer between the grid and
cathode.
The rectified voltage is taken across RL. Since thk voltage is
positive and is not zero in the absence of signal, it is not readily adapted
for use in AGC circuits.
Also, since most video limiter circuits require a
negative signal, an inverter is required between the detector and the
limiter.
Another detector that has been used in radar receivers is the infiniteimpedance detector shown in Fig. 7.14. -4s the grid goes positive, the
tube conducts, thus charging CL to a positive potential.
As c. becomes
more positive, the grid conducts over a smaller fraction of the i-f cycle
The action is similar to the diode
until an equilibrium value is reached.
detector and can best be analyzed in terms of the equivalent circuit shown
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in Fig. 7.14b. The internal impedance of the generator R. is the usual
\raluefor the output impedance of a cathode follower; namely,

As before, if a pentode is used, rPis the value pertaining to the triode con.
nection.
The detection efficiency is determined in the same manner as
for a diode and depends on the ratio of R. to RO and on the ratio of the
time constant RLCL to the period of an i-f cycle.
B+

(b)
~IG.7.14.—(cz)Infiniteimpedancedetector;(b) equivalentcircuit,
The chief advantage of the infinite-impedance detector is that it does
not load the i-f amplifier.
On the other hand, it is subject to overloading,
though to a much less extent than is the plate detector.
Also it has low
gain and positive output.
7.8. Testing of Second Detectors.—The
tests that should be performed on a detector are largely determined by the requirements placed
upon it in a given type of service. For pulse reception, the detector
should have high gain, be reasonably linear, have good transient response,
These factors are by no means
and be capable of handling large signals.
independent or complete.
If tests show that the detector measures up
to requirements in each of these respects, however, it will probably
perform well in the receiver.
LTnfortunately, because detector performance cannot be completely separated from that of the last i-f stage, in
many cases it is necessary to include this stage in the tests.

I
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It is usually easier to make c-w measurements of gain and linearity
than to make pulse measurements.
This procedure is permissible for
detectors whose operation is independent of duty ratio, asisthe case for
all of the detectors described thus far except the self-biased plate detector
with a large cathode bypass condenser.
When measuring gain by the c-w
method a calibrated signal generator is connected to the grid of the last
i-f stage and tuned to the intermediate
frequency.
The rectified voltage is
9r
8measured with a d-c voltmeter connetted across the detector output ter~ 7This connection is preferably
~ ~_
minals.
made through a fairly large series ~
25 resistor so that the detector capacities
are not altered.
If peak i-f voltage is ~ 4 plotted against rectified d-c voltage, a ~ 3 curve similar to that shown in Fig. 7.15 ‘2 will be obtained.
This curve shows the
1range over which the detector is linear
1 1 I I , 1 , J
and the gain at any given level. The
12345678
l-f peakvoltage
leveling-off of the characteristic at high
FIG. 715.—Over-aU detector charvoltage is due to overloading in either
acteristics.
the detector CM-the i-f amplifier.
If
the detector is not linear, the law of the detector can be determined by
making the plot on logarithmic paper.
Although the measurement of the ‘combined gain of the last i-f stage
and detector is fairly simple, the measurement of detector efficiency is
considerably more difficult.
For this measurement it is necessary to
drive the detector with a pure sine-wave voltage of known amplitude.
The sine-wave generator must have a low impedance compared with the
diode resistance.
It is not easy to make a high-frequency signal generator that has a low percentage of harmonics, an internal resistance of 50
ohms, and an output of about 10 volts.
Consequently, the alternative
of driving a high-Q resonant circuit from a high-impedance (pentode)
generator is usually adopted.
It must be remembered, however, that
the Q must be high (at least 10) even with the diode loading.
Since
Q = uRC,
a fairly large value of C is necessary; a value of 100 ~Pf has been found
satisfactory at 30 Me/see.
Testing transient response requires somewhat special equipment and
techniques.
First, there must be a means for viewing and measuring
pulses with rise and fall times of a fraction of a microsecond.
An A/Rscope or a Model 5 synchroscope has been used for this purpose.
It is

,
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not advisable to connect the synchroscope directly to the detector,
because the capacity would be changed.
It is usually connected to the
plate of the first video amplifier; the load resistor is shunted with slow
resistance (about 100 ohms) to prevent distortion of the pulse coming
from the detector.
A broad-band video amplifier must be used with the
synchroscope.
There are several possibilities for connecting the pulse signal generator
to the detector.
If the performance of the last i-f stage plus detector is
to be tested, the signal generator is connected to the grid of the last i-f
stage. For wide-band amplifier testing, pulse signal generators have
been built that produce very nearly perfect pulse packets at 30 and 60
Me/see; that is, the amplitude of the first oscillation is as large as the
At the end of pulse the oscillaamplitude of the following oscillations.
tions are damped within a quarter of a cycle.
If the combined response of the i-f amplifier and detector is not tested,
the effect of the former can be made negligible by loading the i-f stage
with a resistance of about 100 ohms. Alternatively the signal generator
can be applied directly to the detector.
In the event that a pulsed i-f signal generator is not available, a videopulse generator can be used. The rise and fall time of the video pulse
The pulse generator
must be much less than the detector time constant.
is applied to the detector through a series resistorl connected to the
top of the detector load resistor. The pulses are then observed on the
The trailing edge
synchroscope in the same manner as described above.
of the observed pulse will be the same shape as that obtained with an ~-f
pulse generator, but the rising edge will generally not be the same. For
this reason the method described earlier is preferred.
The high intermediate frequencies and low capacities involved in
pulse receivers make investigation of detector performance particularly
difficult.
These difficulties can be largely avoided by using the lowfrequency analogue of the detector circuit, as was done in obtaining Fig.
7.11. Efficiency, gain, and overload characteristics are the same in the
low-frequency circuit as in the high-frequency circuit; transient response
times have been increased by the ratio of the frequencies, so that ordinary
pulse generators and oscilloscopes are adequate.
It is now easY to
observe what is happening during the charge and discharge cycle.
7.9. Effect of Noise on Signal.—In order to realize the maximum
possible range for a given radar set, it is necessary to detect signals that
are weaker than the noise. It has been shown2 that when signals are
1The seriesresistorshould be at least ten times as large as the load resistorif the
time constant is not to be changedby more than 10 per cent,
z S. A. Goudsmit, “ The Comparison hetfvecn Signal and A-oise,” RL Report
No, 43-21, Jan, 29, 1943; TV.H, Jordan, “.lction of Linear Detector on Signalsin the
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comparable to noise, the detector modifies the signal-to-noise ratio of the
i-f amplifier.
Since an ideal detector is one that reproduces the i-f
envelope exactly, this would seem to be an anomalous situation.
It
must be remembered, bowel-er, that the detector reproduces only the
envelope, and theref ore phase relationships are lost. The discussion to
follow will be limited to a perfect linear detector; noise will be thermal
agitation and shot noise. At the output terminals of the i-f amplifier,
the noise will appear as sine waves of varying amplitude and frequency;
the rms value of these waves will be represented by n. During the pulse
or signal there will be superposed sine wave of rms value s. When the
i-f waves are detected, a voltage A proportional’ to the amplitude of
With noise alone, the voltage will fluctuate
the waves will be produced.
about some mean value ~ 1, the rms value of the fluctuation being the
video noise IV. When a signal .sis added to the noise, the mean value of
A is increased to a value ~1, The difference between ~z and ~, is the
video signal S’.
When the signal is much larger than the noise, S = @
s, as would be
expected.
(The factor /2 is introduced in changing from rms to peak
value of S.) The video noise N increases from N = 0.65n for no signals
to N = n for large signals,
The expression for AS’is a rather complicated
hypergeometric function; but fors S n, it can be approximately expressed
by the relation
(9)
Hence, even for a linear detector, the video signal falls off as the square
of the i-f or r-f signal when s/n s 1. The situation is much the same for
a square-law detector.
Since the video signal is considerably smaller
than it would be if noise were not present, this is sometimes referred to
of the signal by the noise. A signal equal to noise is
as “suppression”
suppressed 8 db; a signal ~-unoise is suppressed 27 db.
The effect of suppression can be easily demonstrated.
To the input
terminals of a low-gain i-f amplifier are connected a signal generator and a
thermal noise source. A narrow-band output meter, such as the General
Radio 760A sound analyzer, is connected to the output of the detector.
When a modulated c-w signal is fed into the receiver and the sound
analyzer tuned to the modulation frequency, a reading will be obtained
on the analyzer.
Then, as noise is introduced into the amplifier, the
reading will decrease.
If it were not for the suppression of the signal,
Presenceof Noise,” RL Report No. 61-23, July 6, 1943; R. E. Burgess,“The Rectification of Signaland Noise by Linear and SquareLaw Detectors,” N-ationalPhysical
Laboratory (British) Report RBB/C.93.
1For simplicity A will be taken as equal to the i-f amplitude.
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the reading would be expected to increase.
In one such experiment with
a signal slightly less than noise, a decrease in signal of 13 db was observed.
In a radar indicator one is usually interested in the size of the video
signal as compared with the noise N on either side of the signal, Since
N = 0.65n, Eq. (9) becomes
(lo)
This equation shows that the video signal-to-noise ratio falls off as the
square of the i-f signal-to-noise ratio for weak signals. This is particularly discouraging when one tries to improve the radar by designing a
more sensitive indicator for the signals. If the indicator sensitivity is
improved by 2 db, the over-all sensitivity is improved by only 1 db.

CHAPTER
VIDEO

8

AMPLIFIERS

BY F. M. ASHBROOK
8.1. Introduction. -Although
it is possible to provide all the amplification needed in a receiver in the form of i-f gain, it is much more common
to use additional amplification after the second detector.
These circuits
must transmit the appropriate band of frequencies, often from a fairly
low frequency of a few cycles per second up to several megacycles per
second.
Circuits of this type, which first found wide application in
television practice, have come to be known as “ video” circuits. I
Radar receivers pose some special problems because of the wide range
The maximum output of the sec.
of signal level at the second detector.
ond detector may be as much as 40 to 60 db above the smallest useful
signal. On the other hand the cathode-ray tube to which the signal is
ultimately applied can tolerate a range of less than 20 db for efficient
operation.
Limiting or some form of level compression is therefore
required somewhere in the chain. If it is applied early, all the video
stages following may be designed for the reduced dynamic range and
simplifications in design thereby made possible.
It has become customary, accordingly, to combine the functions of video amplifier and limiter
This chapter will be
in the first stage following the second detector.
concerned largely with the design of such combined amplifier-limiter
stages and of line-feeding stages, these being the two types usually incorporated into the receiver package.
8.2. Video Bandwidth.-The
bandwidth required of a video amplifier
in a receiver is dependent on the specific requirements of the equipment.
In general, however, it has been the practice in radar reception to make
each stage of the video amplifier have a bandwidth of just one-half of
the apparent bandwidth2 of a single i-f stage. When thk condition is
attained, each stage, i-f and video alike, has about the same effect on
the over-all pulse response.
If the receiver is to be designed with the
1A treatment of the fundamentalprinciple and practical featuresof the design
of such amplifierswill be found in Vol. 18, Chap. 3, Radiation Laboratory Series.
~In synchronoussingle-tunedi-f stages, the apparent bandwidth of an i-f stage
is the bandwidth of the single stage. In double-tunedand stagger-tunedamplifiers,
etc,, the apparentbandwidthis takenas the bandwidthof eachstageof a synchronous
single-tunedamplifierhaving the same number of i-f stages and the same over-all
bandwidtb.
213

214

VIDEO

AMPLIFIERS

[SEC.82

best possible performance against interference, the over-all video bandwidth should be at least twice as wide asthewhole i-f bandwidth.
This
conclusion has been borne out both experimentally and theoretically.
B+

k“d-iz‘l@
(b)
(a)
(c)
FIG.8.1.—The effectof imperfectlow-frequencyresponse. (a) Amplifierstage;(b)
signalat plate of V,; (c) signalat gridof V~, Note that the smallpulseis nowentirely
below the baselineand may be lost altogetherwith some indicatingmethods. A ==
E(t/R,c,).

For the video-amplifier circuit it is also necessary to consider the lowfrequency response. If it is assumed that the system is to reproduce
pulses as in radar, it is fairly simple to establish the basic low-frequency
requirements.
If a square pulse
is applied to a video-coupling cir1
I
cuit, the failure of the low-frequency response will show up as
decay in the voltage received at
the grid of the next stage, as shown
in Fig. 8.1. The over-all effect
(a)
will be, of course, the aggregate
effect of the individual stages.
It has been common practice
to describe amplifiers in terms of
their steady-state frequency response, an easy characteristic to
measure.
For those circuits used
with pulses, particularly
such
pulse signals as are met in radar
L
I
application, a much more signifi724
FIQ. S.2.—Specificationof performance cant description can be given in
of a video amplifier. (a) Input signal; (b) terms of the response to a square
outputsignal.
wave or pulse. To measure such
characteristics, a square wave of appropriate duration is applied to the
circuit, and the output signal is viewed on an oscilloscope.
There are
four features of thk output wave that are of importance.
As shown in
Fig. 8.2, which represents a hypothetical output wave, these are

CL_
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1. The rise time T1.
2. The fall time 72.
3. The percentage of overshoot 8.
4. The percentage of droop A.
Rke and fall times are here defined as being measured between the points
corresponding to 10 and 90 per cent of the final amplitude.
For a video
circuit whose high-frequency cutoff is at frequency j, the rise and fall
times are approximately
.0.35
T1zT2%—
f“
The presence of nonlinear elements in the circuit may cause the rise and
fall times to differ. The test signal should, of course, have a rise and fall
time considerably shorter than does the circuit under test.
The relation between bandwidth and rise time may be misleading if
there is a considerable amount of overshoot on the output signal. At
one time a video amplifier was built that had a flat frequency response to
above 70 Me/see.
This amplifier should have reproduced pulses as
It failed completely, however,
short as & Ysec with little distortion.
when it was used with pulses as long as 2 ~sec because of an irregularity
It must be remembered that
in the response at fairly low frequencies.
when one is dealing with pulses, the transient behavior of the amplifier is
of prime importance and the frequency response tells only the steady-state
characteristics.
If both the frequency and phase characteristics are
available, it is possible to convert these characteristics into the pulse
response. Since the mathematics involved for more than a few special
cases is extremely difficult, if not impossible, the pulse technique is preferred for testing amplifiers designed for pulse reception.
8.3. Low-frequency Response .—This has to do principally with the
response of the receiver to long pulses. In deciding just what response is
necessary, two questions must be answered: (1) What are the longest
pulses that are to be expected, and (2) what are the characteristics of
the indicating device, that is, how much “droop”
can be tolerated without the loss of information either during or after the pulse?
It is convenient to describe the phenomena in terms of the picture seen on an
ordinary oscilloscope in which a linear time sweep is the horizontal deflection and the signals give the vertical deflection.
For such a presentation
considerable droop of the baseline after a pulse can be tolerated without
serious effect. When intensity-modulated tubes are used, rather serious
signal loss can occur if the depressed area is too deep. These tubes are
normally operated with the baseline at about the cutoff voltage on the
tube.
Consequently, any signal more negative than that will drive the
tube beyond cutoff.
While the tube is in this cutoff condition, a fairly

I
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large signal could fail to bring the potential up to the normal bias level
and thus would fail to show. Figure 8.1 shows how this might occur.
It has generally been considered good practice in radar work to make
the time constants such that the over-all signal depression on a long
sustained signal block would be less than 10 per cent. Some of the
higher-power radar sets use a 600-psec signal for a test of acceptability.
The normal receiver practice has been to make the time constants of all
the circuits at least 10,000 psec. Low-frequency compensation is sometimes used where it is felt that this value should be extended or where
conditions make it difficult to use condensers and resistors that will give
Such low-frequency compensation
a sufficiently long time constant.
schemes should be used with caution, and the compensation should be
(4)

(1)
(5) ~ (3)
—---(2)

(a)
(b)
VIG.8.3.—Low-frequency
compensation. (a) Circuit; (b) the effectsof low-frequeucy
compensationon a step function:(1) Undercompensated(ROCJ; (2) compensatedto flat
frequency responseRoC1 = R, CO; (3) compensationbeginningwith zero slope RIC, =
R&’O; (4) overcompensated
low-frequencycircuit;(5) idealresponse.
checked by introducing a long pulse into the receiver and observing the
results. The commonly used low-frequency peaking circuit is an RC-network in series with the plate-load resistor, as shown in Fig. 8.3.
There are two possible methods of choosing the constants for lowIn the first, the constants are chosen so that
frequency compensation.
the steady-state frequency response is maintained flat. The second case
is designed so that the initial slope following a step function is zero.
In the circuit of Fig. 8.3a flat frequency response is obtained when
ROCI = R. C.,

(1)

where
R, =

R,R.
R, + R.”

If a pulse response that has an initial zero slope is desired,
R~C, = R, C,.

(2)
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For practical reasons, R ~ is usually about five times as large as Il.;
thus the difference between these two formulas is small. In fact the difference between the two will usually be less than the tolerance of the
components used. Although Eq. (2) does not involve RI, the amount of
compensation obtained is a function of the resistance R ~. For R, = O,
the low-frequency compensation will be negligible.
When RI = 5R.,
the time required for the pulse to fall to 90 per cent of its original amplitude is about five times as long as in the case of the uncompensated circuit.
Until now the discussion has assumed that the screen voltage is fixed.
If it is necessary to use a dropping resistor for obtaining the screen voltage, the screen time constant must also be taken into account.
If i: is
the change in plate current due to the grid signal, then

where gn, is the transconductance from control grid to plate and e; is
the grid signal. The change in plate current i; due to a change in screen
voltage will be
.?1=
9m,e~,
%
where g~, is the screen-grid-to-plate

transconductance

and e: is the change

in screen voltage.
For a signal that is not too long, the change in screen
voltage is approximately
J~=_ 9m1e~t
eo
kc
where k is the ratio of plate current to screen current, 1 t is the length of
the pulse, and a linear discharge of the condenser C,a is assumed.
The
fractional change in output signal caused by a change in the screen-grid
voltage will bez
(3)

1This ratio is approximatelyequal to 4 in 6AC7 and 6AG7 tubes, which are the
most commonly used video tubes.
2Tbe full expressionfor the fractional changein output signalfor an input pulse
of any length is
(i)
In this expressionit has been implicitly assumed that tbe change irr screen-grid
voltage does not produce a change in control-grid transconductance. For usual
valuesof R.Oand for pulseslong enoughto show any differencein the value of A given
by the two expressions,this assumption wdl not be justified. Accordingly, the
,~implerexpressionin the text is adequate.
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If a maximum allowable value is assigned to A, C., will be given by
(4)
Since the screen transconductance gfi, in 6AC7’S and 6AG7’s is between
200 and 500 ~mhos, a signal change less than 1 per cent in 500 psec would
require a screen bypass condenser of about 6 pf. In many of the amplifiers that have been built in the laboratory, l-pf condensers have proved
satisfactory.
8.4. High-frequency
Response.—The
requirement for substantially
constant gain over a wide frequency range with uniform time delay over
the same range of frequencies is best satisfied by a resistance-coupled
amplifier.
As in the low-frequency case, it is possible to improve the
response somewhat by the use of peaking or compensating circuits.
A
parameter of importance is the frequent y at which the response of the
normal resistance-coupled circuit has dropped 3 db. This is
fc =_!_
2rrRLC”

(5)

where R. is the load resistorl and C’ is the total capacity associated with
the stage. This total capacity consists of the output capacity of the
stage plus the input capacity of the next stage and the shunt capacity to
ground of the circuit components and wiring.
The value of C’ should be
held as low as possible by careful wiring and placement of parts.2
Figure 8. 18ZIshows the careful construction of one wide-band video
It should be noted how all the components are carefully mounted
circuit.
to keep capacities low and lead lengths short. Because this circuit was
designed for an over-all bandwidth of 15 Me/see, more than usual care
This particular amplifier circuit
was taken in placing the components.
contains all the video amplification up to the cathode-ray tube (a 5JP1
with push-pull deflection).
The unusually wide bandwidth together
with the requirement of over 100 volts of output makes the large output
tube necessary.
The usual methods of. improving the response of an amplifier at frequencies around f. involve the addition of one or more inductances or of
1The shuntingeffects of the grid-leakresistorand the plate resistancehave been
neglected,since they are both generallylarge comparedwith the plate-load resistor.
z As an exampleof the effect of poor wiring, the following instancemay be cited.
Onevideo circuit was designedto have z bandl~idth of 4 Me/see but, when measured,
actually had a bandwidth of less than 1 31c/scc. The componentsfor the amplifier
had been located on a resistor board some distance away from the tubes, and all the
wiring had been carefullycabled; thus the stray capacity had been increasedfrom a
few micromicrofaradsto well over 50 ~~f.
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both inductance and capacitance to the circuit.
Circuits may also be
built using various types of inverse feedback, but these will not be discussed here. Although the circuits are frequently cataloged
according
to the increase in high-frequency cutoff (frequency at which response is
down 3 db), it must be remembered that the transient response is the
ultimate criterion and that a good steady-state response for high fre
quencies is of no use if it is obtained at the expense of bad overshoots.
Cg

‘~zq+,.
+
(a)

+
(b)

+

(c)
FIG. S.4.—Videopeakingcircuits. (a) Shuntpeaking:L = 0.25 RL2C’; C = Co., +
Cim + C.,,ay. (b) shunt-seriespeaked: L = RL2Cjn; (c) linear phase network. The
capacitorC“shouldresonatewithLz at 3j., where~.is theunpeakedcutofffrequency.
The simplest peaking circuit is the so-called “shunt-peaked”
circuit
where an inductance is added in series with the load resistance (see Fig.
8.4a).
This circuit is capable of increasing the video bandwidth by a
factor of ~
without introducing any overshoot on the signal. The
inductance L (Fig. 8.4a) is equal to
L = 0.25 RLC’.

(6)

In practice, the peaking can be easily adjusted for optimum by starting
with a coil having a little too much inductance.
A square pulse is then
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introduced into the circuit, and a few turns at a time taken off until the
overshoot has completely disappeared.
The peaking coil is usually
placed between the load resistance and the B+ supply rather than
between R. and the plate because the coil often has more capacity to
ground than the resistance, and in this combination it exhibits fewer ill
effects on the circuit.
The coil form for the peaking inductance should
be one of low capacity like those used in Fig. 8.19. Slug-tuned coils
that mount on the chassis are not recommended because of their high
capacity to ground.
The second circuit is often called the “ series-shunt-peaked”
circuit
and has a gain in bandwidth over the unpeaked case of 2,25. However,
there is a 7 per cent overshoot introduced by this circuit if the output
capacity of the previous amplifier is one-half the input capacity of the
next tube.
If the output and input capacities are equal, the overshoot
is only about 4 per cent, but the rise time is not so fast. This circuit,
illustrated in Fig. 8.4b, has an inductance of
(7)
The same constructional details as in the shunt-peaked circuit apply
here. There is, however, no simple experimental method of adjusting
the inductances.
Probably the best procedure is to determine the total
capacity associated with the stage and then calculate the proper value
for each coil. Adjustment to the correct inductance may then be made
with an inductance bridge or Q-meter.
The capacity may be determined
either by direct measurement or by measurement of the frequency characteristics of the uncompensated stage (both coils short-circuited).
The
frequency at which the gain has dropped 3 db is j. in Eq. (5), from which
the capacity may be computed.
Figure 8.4c is called a “ linear phase network. ” This peaking circuit
increases the bandwidth of the normal circuit by a factor of 2.4 and introduces an overshoot of only 0.3 per cent. This circuit is good only for
the case where the output capacity is one-half of the input capacity of
the next tube. The same construction techniques mentioned above apply
in this case. It has been common practice in the laboratory to wind the
shunt coil in such a way that its distributed capacity furnishes the proper
capacity across the coil. If the ratio of Co., to Cti is not exactly ~, a
resistance is required across the series inductance to make the damping of
the two inductances equal.
The bandwidth advantage in this case will
not be so great as when the ideal capacity ratio is obtained.
As the gain in the bandwidth increases in these various peaking circuits, the tolerance of the components decreases; consequently, if the
more powerful peaking circuits are used, the inductances must be more
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uniform and the resistor tolerance small if the overshoots are to be kept
at a minimum.
8.6. Bandwidth Requirements Preceding a Limiter.-Any
video circuit preceding the point at which limiting occurs requires special attention
with regard to its frequency response if proper transient behavior is to
be maintained.
In radar receivers in which the first video stage is a
combined amplifier limiter, the coupling circuit between the second
detector and the grid of the video stage falls in this category.
The simplified circuit shown in Fig. 8.5a may be used to demonstrate
the effects produced by restricted high-frequency response.
The limitation of response is represented by means of the RC-circuit whose highfrequency cutoff is

jc

=-L

21rRC”

Suppose that there is applied to the circuit a large square negative current pulse 1 psec long, as shown in
Fig. 8.5b. The voltage across the
R
c out
circuit will then have the form
shown in Fig. 8.5c, which shows the
(a)
voltage pulse for two values of j., 0.5
1I,Ssec
and 1.0 Me/see.
Suppose now that
this negative voltage pulse is applied
+1(b)
to the grid of a tube that requires
a voltage for complete cutoff of
plate current represented by the line
marked “limit level” in Fig. 8.5c.
The plate current of this tube will
then have the forms shown in Fig.
8.5d for the two assumed values
of f,.
Note that the form of the
voltage pulse in Fig. 8.5c, even for
(d)
f. = 0.5 Me/see, does not represent
FIG.8.5,—Effectof restrictinghighan excessive distortion of the’ input
frequencyresponsebefore limiting. (D)
Circuit; (b) input current; (c) output
signal but that the plate-current
voltage; (d) platecurrent.
pulse in Fig. 8.50! is nearly twice as
long as the input signal. Thus, the limitation of high-frequency response
ahead of limiting may produce very serious lengthening of pulse signals.
Next, consider the effect of imperfect low-frequency response, as
represented by the circuit of Fig. 8.6a. Again, a large negative current
pulse is applied to the input, and the voltage across the output terminals
is determined.
The input and output are shown in Fig. 8.6b and c.
As before, the output voltage is ‘applied to the grid of a tube whose limit

m

222

VIDEO

AMPLIFIERS

[SEC.8.6

level is indicated on Fig. 8.6c. The plate current of this tube will then
have somewhat the form shown in Fig. 86d.
Although the overshoot in
the voltage pulse of Fig. 8“6c is not particularly great, the output signal
has an overshoot comparable in size to the signal itself.
In effect, the
fractional size of the overshoot has
been multiplied by the ratio of maximum voltage pulse to limit level. In
radar receivers it is necessary to make
this ratio fairly large, approximately
1 0
L
o
10, to secure good performance in the
presence of, certain types of interference.
(The maximum voltage in
this case is taken as the greatest output of which the detector is capable
(b)
when driven by the i-f amplifier at its
I
overload point. ) Thus it is necessary
?
to
be much more careful with both
Limit
low- and high-frequency response in
~
the detector-video
coupling
circuit
(c)
than might otherwise seem to be the
case. Similar caution will be necessary in any other video circuit preceding a limiter if the maximum input
signal is large compared with the limit
level.
&6. Practical Coupling Circuits.—
Figure 8.7 shows some of the forms
(d)
FIG. S6.-Effect of poor low-fre- that these coupling circuits may take
quency responsebefore limiting. (a) in radar receivers.
Probably the one
circuit; (b) input current; (c) output
voltage; (d) platecurrent.
most commonly used in simple receivers is that shown in Fig. 8.7a, in
which a moderately large coupling condenser is used between the detector
and the video tube. The high-frequency response is assured by a fairly
low value of detector load resistor and by the use of some peaking or
compensation as described in Chap. 7. The low-frequency response is
obtained by the use of a large enough value for the coupling condenser
and grid leak. It might seem preferable to avoid all possibility of trouble
from poor low-frequency response by the use of d-c coupling as shown in
Fig. 8.7b. If, however, any c-w interference is present, it may produce
enough d-c output from the detector to keep the video stage biased
beyond cutoff at all times and thereby completely eliminate all signals.
With the condenser coupling, such a d-c voltage rapidly dies out on the
grid of the video tube; thus this tube may again respond to changes in

l-l-r
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signal level. A second possible cure is found in the use of a special protective circuit for the detector, Jvhich is discussed in Chap. 9 (detector
back bias, DBB).
The receiver described in Chap. 14 incorporates this
scheme.
In radar sets in which interference modulated at a moderate freor amplitude modulation,
is
quency, either frequency modulation
expected, it may be desirable to give up completely the possibility of
reproducing long pulse signals. If an RC-coupling network with a short
time constant is used, a large overshoot may be produced in the manner
shown in Fig. 8.6. It will, however; decay at a rate determined by this

‘VCP

‘$T’er

—
—

=

(b)

(a)

Ya,T<~$
(c)=

---

FIG.S,7.—Couplingcircuitsbetweenseconddetectoranclvideo amplifier. (a) Recouplingcircuit; (b) direct-couplingcircuit; (c) inductance-coupling
circuit; (d) switching
circuitfor FTC.
short time constant and hence may be tolerable.
The constants of the
circuit are usually chosen so that the product R.C, (see Fig. 8.7a) is
about equal to the length of the transmitted pulse of the radar system.
Since Co and C,., the input capacity of the tube, form a voltage divider,
C, should be at least twice Cl.. In many cases the amplifier tube is
run at zero bias, so that the current drawn by the grid, if it tends to go
positive as a result of the overshoot in the circuit, will act to suppress
the overshoot.
This action is facilitated if C, is not too large. Accordingly, the compromise value Ca = 2C,. has been found generally satisfactory for time constants from 0.25 to 5 ~sec. This circuit has come to
be known as a “fast time constant” (FTC) circuit and has found use not
only in furnishing some protection against interference but also in increas-
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ing the discernibility of single radar echoes in the presence of ground
clutter or sea return (see Chap. 9, also Vol. 24, Chap. 11, of this series).
Another circuit whose performance is essentially equivalent to the
FTC circuit isshown in Fig. 8“7c. In it the quantity L/RL plays much
the same role as the time constant R,C, of the FTC.
The coupling from
the detector may pass direct current, since the added inductance provides
a low-resistance path that prevents any biasing off of the amplifier.
Whenever FTC or inductance differentiation circuits are provided,
it is usual to arrange for their removal to permit normal response of the
receiver for testing, etc. An arrangement that has often been used with
FTC is shown in Fig. 8“7d. The relay used should have low capacity to
ground in order to avoid undue narrowing of the video bandwidth.

FIG,S.8,—Thea~tionof the FTC circuiton signalsaloneand in the presenceof interference. (a) Normalsignals;(b) FTC introduced;(c) signalsplusinterference(c-w modulated at a low frequency);(d) signalsPlusinterferencewith FTC.
A considerably more elaborate coupling arrangement is shown in
Fig. 8.21. In it a multisection high-pass filter is used together with an
additional amplifier stage to make up for the insertion loss of the filter.
This stage is followed by a full-wave detector.
The general action of
the circuit is fundamentally the same as that of the FTC or inductance
differentiation, differing only in the degree of refinement.
Figure 8.8 shows some oscilloscope photographs that indicate the
general action of these coupling circuits.
Figure 8“8a shows the echo
The length of the
signals on a radar system under normal conditions.
sweep is slightly under 20 psec (corresponding to slightly less than 4000
yd in range).
It has been delayed after the transmitted pulse by an
arbitrary amount that is the same in all four pictures; therefore, the
actual range of the objects producing the echoes is considerabley greater
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than 4000 yd. In Fig. 8.8b, the FTC circuit has been added.
It is seen to
have little apparent effect on the signal presentation.
In Fig. 8.8c and d
some modulated interference has been added, the FTC being out of the
circuit in the first case and in the circuit in the second.
Although many
of the signals can be seen in Fig. 8.8c with this particular type of presentation, they would not be visible if an intensity-modulated CRT such as a
PPI were used. Howeverj the conditions shown in Fig. 8.8d would give
essentially normal appearance on the PPI.
Figure 8.9 shows the effect
of the FTC circuit against clutter arising from sea return or ground echoes
with a PPI presentation.
The FTC is out and in respectively in Fig.

(a)

(b)

F1~.89.-The actionof theFTC circuiton signalsin thepresenceof groundclutterand
sea return. (a) Normalcouplingcircuit; (b) FTC introduced. These are photographs
of the presentationon a PPI. The radarsetoperatesin theregionof 3000Me/see witha
pulselengthof 1#sec. Thesweeplengthis 5 miles. Thesetislocateddirectlyon thecoast,
lookingout to thesouthovertheocean. Theupperhalfof eachpictureis dueto landsignals. The ring visiblein [b) abouthalfwayout is a pulsesignalfrom a signalgenerator,
whichis usedto get an estimateof the intensityof signals. Note that at about9 o’clock
the seareturnhas overriddenthe marker. The individualsignalsoutsidethe markerbetween7 and 9 o’clock areshipsthat arecompletelyhiddenin (a).
8.9a and b. In the latter picture, many individual echoes that are completel y hidden under the usual conditions may easily be seen.
8.7. Video Limiters.—The limit level is established in almost every
case by an amplifier that is driven to cutoff.
Although grid current has
been used in some instances to provide limiting action, it is in general
less satisfactory because it is not a hard limiter (that is, the larger signals
limit at a higher level than the smaller signals).
In addition, the charge
that collects on the coupling condenser during the limiting action either
has to be remo~ed by the use of a diode or causes a shift in the operating
characteristics of the limiter and thus a change in the limit level for succeeding signals.
These limiter. perform best when the tube used is a sharp cutoff
pentode such as a 6AC7.
The signal level at which limiting occurs is
controlled by the screen voltage of the tube. The limiter characteristics
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are in a large measure determined by the type of screen-voltage supply
All the limiters
used and must be chosen to fit the particular situation.
discussed here will be of the type where a tube is driven to cutoff by the
signal and will first be classified according to the means used to supply
the screen voltage.
Cg

Rg

_J—
—
(b)

(a)
FIG.S.IO.—Limitercircuits. (a) Seriesscreenresistor;(b) screenvoltagesuppliedfrom
voltagedivider.
The simplest arrangement is to supply the screen voltage from a
series dropping resistor and a bypass condenser, as shown in Fig. 8.10a.
If signals with a very small duty ratio are applied to such a circuit, the
average screen current will be almost unchanged and so will the drop in
the series resistor and hence the voltage at the screen. Thus the plate
1,
current in the absence of signal voltage
will
be nearly constant.
The magnitude
RL
CQ
of the limited output of such a stage is the
E+ product of the load resistor RI and the
plate current in the absence of signal.
Therefore anything that changes plate
current in the absence of signal changes
the size of the limited output, an effect
c,
that is usually undesirable.
In the circuit
under consideration, increase of duty ratio
of the signal will have such an effect, since
&
FIG.S.11.—Cathode-follower
volt- it will decrease the average screen current
age-stabdizedlimiter.
and hence increase the screen voltage and
thereby increase the plate current during the intervals between signals.
This effect may be reduced somewhat by the addition of a second
resistor F?2as shotvn in Fig. 8. 10b. If the current taken by RI and Rz
in series is large compared with the screen current, there will be little shift
of screen voltage with duty ratio and consequently little change in size
of output.
A further step in the reduction of this effect may be made as s!lown in
Fig. 8.11 in which a cathode follower is used to supply the screen voltage.
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In this way the internal impedance of the screen supply may be reduced
to a few hundred ohms. To obtain this impedance with a straight
The screen
resistance voltage divider would require much more power.
voltage is easily varied by changing the grid voltage of the cathode follower. This grid voltage should be well filtered to avoid hum and pickup
that would be transmitted through the main video channel.
The condenser Cl from screen to ground may have a value of 0.001 pj.
The Injtuence of the Input Coupling Circuit on Limiter Performance.-A
second factor that enters in the change of size of limited output with duty
ratio is the type of input coupling circuit from the detector to the limiter.
As illustrated in Fig. 8.12, the important point is whether there is d-c
Suppose that the input signal is a series
coupling or condenser coupling.
of pulses (Fig. 8.12a) in which the spacing between pulses is not large
compared with their width and the
duty ratio is therefore appreciable.
With d-c coupling the voltage excursion on the grid of the video tube
will be between the same points,
‘a) ’km
whatever the duty ratio. With
condenser coupling, however, the
Time
~—
average
voltage at the grid of the
Average voltage
limiter tube will remain fixed (as(b) g
- ---- 2 :::
suming that the train of pulses is
long compared with the time constant of the coupling circuit).
The
rm
Voltage at grid
situation will then be as shown in
Fig. 8.12a, b, and c. Note that
-- —-.
there is a break in the time scale; the
&
first pulse on the left is assumed to
be the initial one of a long train of
~
Time
pulses that has been preceded by a
—
“’~km
I
long interval of no signal. The
FIG.S.12.—Effectof condensercoupling
rest of the pulses shown come well Onlixnitl~v~l. (a) Inputsignals;(~) signal
after
condensercoupling; (c) plate current
after the beginning of the train, and
of limitertube.
new equilibrium conditions have
been reached. Note that the grid voltage and thus the plate current in
the intervals between pulses are now greater than before and the limited
output is therefore greater.
If the limiter tube is run at zero bias instead of having some negative
bias as indicated in Fig. 8“12b, grid current will be drawn in the intervals
between pulses and will tend to prevent the shift in potential.
A separate
diode, often known as a “d-c restorer, ” may also be used for this purpose
(see Sec. 8.9).
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Special Limiters.—It
is sometimes possible to combine in one stage the
functions of limiter and output tubes.
The circuit shown in Fig. 8“13
provides the limiting action and at the same time is capable of driving a
~erminated 75-ohm cable with an 0.8-volt negative signal. ‘~he grid
input could also be direct-coupled
~B+
circuit, and the screen could obtain
its voltage from the other sources
previously mentioned.
Sin c e the
75-ohm termination to the cable-provides degeneration in this circuit, the
signal voltage required for cutoff is
somewhat higher than would be the
case with no degeneration.
Thus it
becomes somewhat harder to obtain
a high ratio of maximum detector
output to cutoff voltage.
As men+
&
tioned previously, a high value of
FIG.S.13.—Combinedlimiterand output this ratio is desirable in the presence
circuit.
of certain types of interference.
However, this circuit saves one tube, about 4 watts of heater power, and
4.5 watts of high-voltage power as compared with a circuit using a
separate output tube capable of 2 volts output into the 75-ohm line.
Another special function that is sometimes required is a means of
electronically changing the magnitude of the limited output signals.

fB+
Limiter
y

R2
11

Radar
video
input

V3.
+ Trigger

~J

FIG.S.14.—Circuitfor changinglimitlevelelectronicaNy.
Manual variation of this quantity may be obtained by merely changing
the plate-load resistor of the lititer tube. The circuit shown in Fig.
8.14 effectively provides a means of shunting an extra resistance across
the load resistor by electronic means. It was originally applied to a
radar receiver in which it was desired to have the limited signals alternately large and small after successive transmitted pulses. When
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V3Cis nonconducting, VI acts as a normal limiter with load resistor R1.
The circuit constants are so chosen that when the multivibrator consisting of VS. and VM flips to the condition in which VS. is conducting,
the plate potential of ~sa comes to nearly the same value as that of VI
in the absence of video signals. Therefore, R1 is effectively shunted by
the parallel combination of R2 and the plate resistance of V3C (assuming
In the receiver to which this circuit was
the diode to be perfect).’
applied, simultaneous variation of i-f gain was produced.
8.8. Video Output Circuits.-If
the signals furnished by the receiver
are to be used at a distance of more than 3 or 4 ft from it, it is almost
imperative to transmit them by way of a terminated line. This may
be an ordinary coaxial cable, in which case the characteristic impedance
will ordinarily not be more than about 110 ohms, or in some special cases
it may be a continuously loaded coaxial linez with a characteristic impedance of 1000 ohms. Since no generally useful impedance-transforming
systems are available for the whole video band, the characteristic impedance of the cable determines the load that is presented to the output
tube. The value of the load is thus much lower than would ordinarily
be chosen on grounds of bandwidth or power-output capability.
Unde”r
these conditions the current that the output tube can furnish determines
its performance.
The size of the signals that can be furnished is the
product of the characteristic impedance of the cable and the current
Thus a- requirement for large output signals
~apability of the tube.
becomes very expensive in terms of power, since the large current must
be furnished at the full B+ voltage.
The output cable may be conn~cted in either plate or cathode circuit
of the output tube.
In the first case the B+ voltage appears on the
center conductor, since a prohibitively large condenser would be required
to maintain low-frequency response if capacity-coupling
into the low
impedance presented by the cable were attempted.
For this reason the
output is ordinarily taken from the cathode circuit as a cat bode follower.
The voltage gain of this arrangement is less than 1 and is given approximately by the expression
g.Rc

s= 1 + g~Rc’
1It would not do for this particularapplication to produce variations of hmited
output by changing the screen voltage, since this would produce a condition that
would move the bottom of the limited signals and leave the top fixed, whereasthe
reversebehavior is necessary.
z This cable was standardized under the type number RG-65/U (see Vol. 17,
Chap. 1, of this series). It is satisfactorymechanically,but its fairly highattenuation
makes runs of more than about 50 ft impractical. In addition the attenuationtO
frequenciesabove 2 or 3 Me/see risesfairly rapidly.
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where Rc is the characteristic impedance of the cable. The output tube
may be either a triode or tetrode or a tetrode or pentode used in triode
Sometimes it is possible to make savings in the power
connection.
supply by the use of a tetrode, since the plate voltage may be supplied
from a source with comparatively little fltering, whereas the screen
supply, furnishing much less current, is given full filtering.
Types
6AG7 and 6L6 are frequently used for this purpose.
The video signals found in radar or other pulse applications are usually
not symmetrical, and it is therefore possible to make worth-while savings
in power consumption by the proper choice of polarity for the output
signals. The output tube is arranged to run a4 comparatively low current in the absence of signal and is turned on by the signal, thereby
giving a positive output signal in the usual cathode-follower
circuit.
The use of a d-c restorer (see Sec. 8“9) permits use of a lower value of
quiescent current without having the tube driven to cutoff in the intervals between signals of high duty ratio. It is not always possible, however, to use a d-c restorer in radar receivers because of its effect on
performance in the presence of interference.
If the cable run from the receiver to the point where signals are used
is short enough to permit the use of an unterminated line, it is still desirable to use coaxial cable to provide proper shielding.
Such short lengths
of cable act as a shunt capacitance equal to the capacitance per foot
times the length in feet. The effect of this capacitance on high-frequency
response may be calculated by the usual expression

where RL is the load impedance.
If such an unterminated line is used
with a cathode follower, the effective valu-e of R~ may be considerably
different during positive-going and negative-going parts of the signal.
When the grid of the tube is being driven positive, the output impedance
of the cathode follower is approximately l/g~.
This impedance appears
in parallel with whatever resistor is present.
On the other hand, when
the grid is driven negative, the output tube may be nearly cut off. Its
output impedance is then high, and the effective load resistance is
determined largely by the resistor in the circuit.
If a square positive
pulse is applied to such a circuit, this may cause the output wave to rise
much faster than it falls. I
8.9. D-c Restorer.—The d-c restorer, as used in the video amplifiers
under discussion here, acts to maintain the signal baseline, or the bottom
of the signals, at a fixed potential as the duty ratio changes.
It is applicable to either positive or negative signals.
I See, for example,H. Goldberg, Proc. IRE,

33, 778–782

(1945).

SEC.

D-C RESTORER

89]

231

Figure 8.15a shows a positive signal with a duty ratio of about 10
per cent being applied to an amplifier whose standing current is about
one-third the maximum signal current. When the duty ratio of the
signal is increased to 50 per cent and the restorer is not present, the signal
will appear as in Fig. 8. 15b. Figure 8“15c shows the effects of the d-c

I
,Average signal
~
level

}
II
II

I

(b)

(a)

JJhY
Duty ratio 50%
— _——

1- 1

I .+=

——
———,-

11

/\l
D.~

————-

,e91

Normal signal average
jj

I

restorer I
level 3I

,

B-i

.&

I

(c)
(d)
FIG.S.15.—Actionof a d-c restorer. (a) Input signalwith duty ratio of 10 per cent;
no d-c restorer;(b) input signalwith duty ratioof 50 per cent; no d-c restorer;(c) input
signalwithdutyratioof 50 percent;d-c restoreradded;(d) circuitof d-c restorer.
restorer in preventing the signal from backing off the characteristics
of the amplifier tube. A typical circuit is shown in Fig. 8. 15d. Resistors RI and R2 make up a voltage divider for furnishing the desired bias
voltage for Vi; in the absence of signal the grid of Vz is at the same
If a positive signal is now applied,
potential as Point A in the diagram.
the grid of V2 will be driven more positive than Point A. Since this is in
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the nonconducting direction for the diode Vlj this tube will have no effect
If a negative signal is applied, however, the diode will
on the circuit.
become conducting and charge will flow on to the coupling condenser C..
If the diode were perfect, that is, if it had no internal impedance, and if
the impedance from Point A to ground were zero, the grid of Vz could
never go more negative than the potential of Point A. In the actual
The extra charge that has
circuit it does go somewhat more negative.
appeared on C~ acts to shift the average potential of the grid of Vz enough
more positive to cause only the tips of the negative-going signals to go
more negative than Point A-. Thus the base of the signal remains
approximately fixed as the duty ratio increases.
Caution should be used in applying a d-c restorer to a circuit in which
low-frequency compensation is used, because the compensation depends
on the balance between the time constant made up of the coupling condenser and the grid resistor and the compensating time constant.
A nonlinear element in the grid circuit changes that time constant and thus
affects the compensation.
A d-c restorer may be unsatisfactory in a
radar receiver under conditions where a c-w carrier is introduced into the
receiver along with the desired
B+
signals.
This causes the signals
in the video amplifier to become
two-sided, that is, to extend both
RL
Next video stage
i-.
above and below the baseline.
At
the detector proper the signal
beating with the c-w carrier pro--i
Cg
duces an output that goes above
1
and below the d-c output due to
R9 ;
the carrier; but when the signal
B+
passes t h r o u g h the condenser
coupling into the video, the d-c
level becomes the baseline and
--p,thus the signal appears to go both
&
q
positive and negative.
The d-c
restorer sets the level so that only
‘k
the negative-going peaks so produced extend down to the proper
{ - Grid biaa
baseline.
This action interferes
FIG. !3.16.—A mixing circuit in which with the proper functioning of the
range marks, heading markers, etc., are radar indicators.
mixedwith video si~nalsso that all limit at
8s10. Introduction of Special
the samelevel.
–
Signals.-It
is often desirable to be
In the case
able to mix some other signals with the normal video signals.
of radar systems such signals might be range marks, heading markers, angle
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markers, signals from other systems, etc. Since all the receivers described
in this volume incorporate a limiter circuit in the video amplifier, it is
necessary to decide whether the output due to the special signals is to be
limited at the same value as the regular signals or is required to be larger.
In this latter case the special signals must be introduced after the limiter.
Suppose that the limiter in the first video stage is the only limiter in
the video system and that the special signals are to be limited at the same
time as the regular signals. The circuit shown in Fig. 8.16 is then
applicable.
The regular video signals from the detector are applied to
the grid in the normal way, and the marker signals are introduced through
the cathode follower V,. The common cathode resistor is generally of
LB+
B+
+ Radar
video
h

&put
..—
---—-

-——
--—
—--

+;;&r

+7+

(

+Marker
signals

‘--

——
r+ --nT
B+

1

1!

Screen
voltage
~ - ~P

-Grid bias

Rk

-Bias

+Marker

=

signals

(a)
(b)
FIG. &l17.—Markermixing. (a) On common plate resistor; (b) on common cathwfc
resistorof cathode-follower
circuit.
low resistance (usually 100 ohms).
The cathode follower V, is biased
The positive
so that with no signal it does not conduct any current.
marker signals on the grid must be sufficiently large to develop enough
voltage across the common cathode resistor to cut off the limiter tube.
The marker signals should be provided with a control so that their intensity can be controlled; a switch should also be present to permit removal of
the markers if desired.
Figure 8.17 shows two circuits that have been used for introducing
The circuit in Fig. 8.17a mixes the signals
the markers after the limiter.
in a common plate resistor. Since both tubes are pentodes and can be
considered constant-current
generators, the output voltage for small
input signals is
E,

= (Elgw,, + -Ezgm,)RL,

where EI and E2 are the input ~ideo signal and marker signal respectively
and g~, and g~, are the transconductances of the two tubes. The tube
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introducing the markers is normally biased to cutoff and conducts only
when the marker pulse is on its grid.
In Fig. 8. 17b the signals are mixed in the common cathode resistor,
and again the tube that mixes the markers is normally biased to cutoff,
conducting only when the markers are applied.
If it is assumed that the

--

.

4

I

FIG.8.18a.—Photographof a wide-bandamplifier.
M of the two’ tubes is the same, then it can be shown that the output
voltage ~. is
g.R.
E, = (E’, + E,)
l+p’
1 + 2g.RK —
() P
where El and E2 are the video voltage and marker voltage respectively.
This equation is true only when E, and E, are small signals.
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8.11. Typical Video Amplifiers.-Figurc
818a
an amplifier of unusually wide band, ~~hich is
oscilloscope.
The frequency response is down 3
11 cps. Exceedingly careful placement of parts
l-f stage
B+
Detector

!

‘2’

shows a photograph of
used as part of a test
db at 18 JIc/sec and at
and reduction of wiring

cathode follower

4 6H6
l-f choke

‘n

:::
0.01

m’
~

~

L-atVideo

&

TY=

“Self resonant at intermediate frequency

75

FIG,8.19.—Detectorandvideo circuitof a medium-powermicrowaveradar.
+ 280 V

Plate of last

6Ac71kr

‘3s

z
position shown

A

follower
+180v

7,:.:

—

240 k

z==

6AG7 ‘—
++ Self resonant at intermediate frequency

Lq--’q’q
Jj-

FIQ.8,20.—Two-stagevideo amplifier

in

a receiver.

an absolute minimum are required in order to obtain this wide response.
The circuit diagram for this amplifier is shown in Fig. 8.18b.
The circuit illustrated in Fig. 8.19 is the video amplifier from the
receiver described in Chap. 13. This circuit combines the limiter and
The
cathode-follower
operations as described earlier in this chapter.
set is designed to operate on a medium-power radar system where 10

to
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to 15 miles of continuous signal is the maximum expected.
A video
signal of about —3.0 volts at the grid of the output tube is required to
cause the tube to limit, and a signal of about —0.9 volt is transmitted
through the line.
Figure 8.20 shows a conventional two-stage video amplifier in a
receiver.
The cathode followers deliver + 2.O-volt signals to the terminated cables.
A short- as well as a long-time-constant coupling circuit
is provided, and a relay provides the means of swit thing circuits.
Last i-f stage
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FKa.8.21.—Detectorand video circuitfor specialreceiver.
The circuit illustrated in Fig. 8.21 provides the long-, short-, and
high-pass video filter with a third detector for the coupling circuit.
The
relay connections provide a selection of any of the three circuits as well
as a combination of the high-pass filter and FTC circuits.
The numerous
relay contacts and component parts connected with this circuit make it
necessary to use extreme care in the construction and selection of components, particularly the relays, in order to maintain the video bandwidth
required,

CHAPTER
GAIN-CONTROL

9
CIRCUITS

BY- S. N. VA~ VOORHIS
9.1. Introduction.—Of
the characteristics of an amplifier subject to
control during operation, gain and band width are most frequent 1y varied.
Means for accomplishing gain control will be discussed in this chapter.
This discussion will be limited to circuits applicable to i-f amplifiers, video
circuits being treated separately in Chap. 8. There are at least four ways
in which it may be desired to have gain vary:
1. As a function of a knob setting, ordinary manual
2. As a function of the strength-of some particular
automatic gain control, AGC.
3. As a prescribed function of time, sensitivity time
4. As a function of the immediately preceding signal
taneous automatic gain control (IAGC).

gain control.
‘receiVed signal,
control, STC.
strength, instan-

9.2. Manual Gain Control. —This is usually accomplished by varying
the potential applied to one or more electrodes of the amplifier tubes in
one or more stages. The following questions must be answered in the
course of the design:
1. To which electrode or electrodes should the control be applied?
2. To how many stages should it be applied?
3. If only to part of the whole amplifier, to which stages?
Answers to these will be found from considerations of the total range
of gain reduction required, of the overload characteristics necessary, of
linearity for small and’ large signals, and of the characteristics of the tubes
being controlled.
The amplifiers under discussion, of necessity, use high-transconductance pentodes such as 6AC7, 6AK5 etc., with load impedances small
compared with the plate resistance of the tube. Thus, the gain of a
stage is proportional to the transconductance of the tube, which is in
turn at least roughly proportional to the plate current.
Thus anything
that changes plate current is at least potentially useful for control of
gain. This shows at once that variation of plate-supply voltage alone
will not be effective but that either screen-voltage or grid-bias variation
will produce the desired result. It is immaterial at this point whether
238
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increased grid bias isobtained byapplying anegative voltage to the grid
or a positive voltage to the cathode, though later considerations will show
that the first is usually preferable.
If the transconductance of the tube is reduced to zero, the signal
transmission will not vanish altogether, because of various modes of
spurious coupling between the input and output circuits, such as gridplate capacity within the tube, capacity across the socket, coupling of
circuit elements, and wiring, etc. These last are, of course, greatly
dependent on details of construction and layout but will be minimized
In an ideal design the internal plate-grid
in a well-designed amplifier.
For a 6AK5 tube this has a maximum value
capacity alone is effective.
of 0.02 ppf, corresponding to a reactance of 265,000 ohms at a frequency
of 30 Me/see.
Thus if the plate-load impedance is around 2000 ohms,
the ratio of input to output voltage will be about 100, corresponding to a
loss of 40 db for the stage. Since it would have a gain of around 20 db
under normal operating conditions, this is equivalent to a range of gain
of 60 db. Very similar results would be obtained if the calculations were
made for a 6.4C7 or an~f other tube suitable for a wideband amplifier.
In
actual practice, a figure of 40 db for the total available range of control
per stage is probably more conservative.
Thus it will be necessary to
apply control voltage to at least two stages in most cases. Linearity
considerations may call for control on a still larger number of stages. If
a very large signal is being applied to the input of the amplifier, the input
to the first stage being controlled may be fairly large, of the order of
some volts.
To reduce the gain by such large factors it will then be
necessary to bias the tube beyond cutoff (assuming for the moment the
use of grid-bias control) by an amount comparable to the peak positive
signal swing. Then a signal somewhat smaller may not reach the conducting region of the tube at all and so will be discriminated against to a
considerable degree. In a great many pulse applications this is of no
importance; where it is, the solution is to apply control voltage to enough
If screen-voltage
stages so that no one need be biased as far as cutoff.
control is used, a still more serious difficulty arises from the decrease in
the signal capable of producing overload in the controlled stage. This
may have the result that two fairly strong signals of different input
levels may both overload the controlled stage if its gain is reduced enough.
Then both will appear in the output having the same strength, and no
manipulation of the gain control will separate them. This effect is
so serious in most pulse applications as to rule out almost completely the
use of screen-voltage gain control.
In deciding which stages to control, the guiding principle is again the
avoidance of overload ahead of the point at which control is applied.
In a receiver for amplitude modulation, this is of paramount importance;
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This calls for application of gain control
in othersit is highly desirable.
early in the receiver.
Inthe case of arnicrowav
esuperheterodyn ehaving an i-f amplifier working out of a crystal mixer with no r-f amplification, it has been found desirable to begin with the second i-f stage and
control as many of the following stages as are needed to meet other
requirements.
The crystal mixer will overload itself before its output
becomes sufficient to cause overload in the first i-f stage. Furthermore,
as shown previously (Sec. 4“1) the ultimate sensitivityy of such a receiver is
governed very largely by the first i-f stage; it is therefore convenient to
set up operating conditions for this tube for best signal-to-noise performance and to leave them undisturbed.
For i-f bandwidths of the order of
a few megacycles per second the gain of the first stage will be low enough
so that the maximum signal which the mixer will give is insufficient, when
amplified by the first stage at full gain, to drive the grid of the second
stage positive, particularly when control by means of grid bias is applied
to this second tube.
In amplifiers having still wider bands, the stage gain may be reduced
to the point where this maximum signal will be insufficient to produce
overload at the grid of the third tube, with the first two stages operating
at full gain. Also both the first and second stages may make significant
In this case it may be found desirable
contributions to the noise output.
to begin gain control at the third stage. If a tube mixer is used in a
microwave receiver, two changes are made: (1) The maximum output of
the mixer is considerably increased, and (2) the amount of noise contributed by the mixer is increased to the point where the contribution of the
first i-f tube becomes somewhat less important.
These together point to
application of control to the first i-f stage. At frequencies where r-f
amplification is used, it will usually be desirable to apply control to these
stages, particularly if more than one is used. Arguments on noise and
maximum received signal similar to those above may preclude control of
the first stage.
In amplifiers that are subjected to wide ranges of signal strength,
such as those encountered in many pulse applications, considerable
attention must be paid to transient effects on gain following very strong
signals.
These arise primarily from the nonlinearity of various parts of
the amplifier at high signal levels. This nonlinearity produces a shift
in average current or voltage, which may appear on various capacitances
in the circuit.
After the strong signal is removed, the voltages return to
normal at a rate governed by the time constant of the circuit involved.
If this time constant is short compared with the reciprocal of the i-f
or video bandwidth, currents and voltages in the amplifier will be back
to normal by the time the output of the receiver has fallen to normal and
no ill effects will be observed.
It may also be possible to make such time
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For an
constants quite long and reach another tolerable condition,
amplifier a few megacycles per second wide it then becomes advisable to
avoid time constants in the neighborhood of a microsecond.
This has
For one thing, the type of gain
various effects on gain-control circuits.
control frequently used in narrower-band amplifiers, consisting of a
variable resistance in the oathode circuit of one or more stages, sometimes
with a bleeder resistor from B+ in addition, now becomes less desirable
because of the difficulty of avoiding the wrong RC values.
For example,
if the cathode bypass condensers are 0.001 pf, resistance values from about
500 to 20,000 ohms should be avoided, thus making it less straightforward
to secure considerable control range per stage. A second less onerous
restriction arises when control is secured by grid bias. Here again it is
likely that a bypass condenser of 0.001 pf will be used for the control
voltage.
A potentially harmful time constant will then be formed by
this bypass condenser and the internal impedance of the control voltage
supply.
It will usually be found that if this impedance is kept below
1000 or 2000 ohms, no trouble will result.
One additional means of gain control in a pentode amplifier stage is
the application of a negative voltage to the suppressor grid. This
reduces plate current by the mechanism of turning electrons around and
sending them to the screen, thereby increasing the screen current by very
Screen disnearly the amount by which the plate current is reduced.
sipation is likely to be increased above the danger point unless the normal
operating currents are held down to an undesirably low value. Furthermore, this means of control is obviously impossible in the case of a tube
such as the 6AK5 in which the suppressor is not brought out separately.
For the case of a moderately wide i-f amplifier such as is used in a
microwave radar system, the following answers to the original questions
have been reached:
1. Control shall be obtained by applying a negative bias to the grid.
2. This will occur in at least two stages, possible three.
3. These stages will be the second and third and possibly the fourth.
A typical example of such a receiver will be found in Chap. 13, which
skews how these answers are incorporated in an actual design.
9.3. AGC Circuits.-The
useful output dynamic range of a receiver of
ordinary design seldom exceeds 20 db. The limits are set on the one hand
by overloading in the i-f amplifier and on the other hand by poor functioning of the second detector for signals small enough to cause it to act as a
Therefore, if information is to be extracted from the
square-law device.
amplitude of a signal whose input dynamic range is greater than 20 db,
some control of the gain of the amplifier must be provided.
If rapid
fluctuations of the input level are expected, or if it is desired to hold the
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average output level accurately constant, it may be desirable to provide
such gain regulation automatically by electronic means. Such circuits
are known as” automatic gain control” (AGC) circuits and have been used
for many years in receivers of various types.’
Attention here will be
focused on the special problems introduced by the application to pulse
signals, by the necessity of maintaining good transient response, and by
the high accuracy of control required in some radar applications.
An AGC circuit is an example of a feedback loop and is accordingly
It should
subject to the limitations imposed by stability requirements.
be noted that the loop is closed by way of the input signal to the receiver
or by noise if the gain of the amplifier in the absence of control is sufficiently high. A block diagram of the elements of an AGC circuit is
shown in Fig. 9.1. The circuit is a conventional superheterodyne with
Input

I
LO
~lG.

9.1.—Blockdiagramof receiverwithAGC’.

the addition of the gating and control circuits.
The gating circuits are
made necessary by what may be called the “ time-sharing” property of
pulse systems.
The desired signals may be present for only a small
fraction of the total time (given by the duty ratio); other signals occupying the same radio frequency may be present in the intervening time.
It is desired to have the gain of the system controlled entirely by the
amplitude of the wanted signals even though the unwanted ones may be
much larger. The function of the gating circuit is to select the desired
This action
signals so that only they are applied to the control circuit.
may be represented as shown in Fig. 9.2. Various signals are shown
appearing at the input terminal of the receiver, the desired ones being
indicated by arrows. The gating circuit is arranged to have zero transmission except during a small interval of time containing the desired
signals, thereby singling them out to pass on to the output and to the
control circuit.
An important prerequisite of such a procedure is accurate knowledge of the time of arrival of the desired signal. In radar
systems, the signal of interest is the echo from a particular object.
This
echo follows the transmitted pulse by a time determined by the range of
the object.
Even for a rapidly moving object, the change in range or
1See for example: F. E. Terman, Radio Engineers’ Handbook, hfcGraw-Hill, h’ew
York, 1943, p. 639.
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time from one pulse to the next is small enough to permit such gating
action. Another circumstance in which gating may be applied is that in
which the desired signals occur at an accurately known repetition rate.
The presence of the gating circuit has a fundamental effect on the
The feedback loop is now
consideration of the stability of the system.
closed only during the time that the gating circuit transmits, in contrast
to the usual case in which it is closed continuously.
There have been
two mathematical approaches to this problem, one by MacColl, the other
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FIG.9.2.—Actiouof gatingcircuit. (a) Inputsignals;(fJ)desiredsignals;(c)transmission
gatingcircuit; (d) outputsignals,
by Hurewicz. 1 It will be recalled that in the conventional treatment of a
continuous feedback circuit, stability is investigated by means of a plot of
the complex transmission function of the system on the complex frequency plane. The condition of stability is found to be the absence of
roots in the half plane to the right of the line whose real part is equal to
– 1. To establish thk condition, the transmission function along a
contour given by the real frequency axis may be plotted on the impedance plane. If the curve so obtained encloses the point (– 1,0), the
system is unstable (Nyquist criterion.)
For the case of the intermittently closed feedback loop, which he
terms a ‘‘ sampling servomechanism,” MacColl derives a modified trans] L. A. MacColl, Fundamental Theory of Servomechanisms, Van Nostrand, 1945,
Chap. X; Vol. 25, Radiation Laboratory Series.
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mission function, subject to the same limitations as the location of roots
towhich Nyquist's criterion may reapplied inits usual form.
Hurewicz,
on the other hand, deals with the ordinary transmission function and
finds a new contour on the complex frequency plane enclosing a region
outside which there must be no roots. A plot on the impedance plane of
the transmission function along this contour furnishes a criterion oi
stability completely analogous to the usual one.
Another difficulty in the study of the stability of an AGC system arises
from the circumstance that the feedback loop is closed by way of the input
signal.
This signal will almost certainly vary over a wide range, and
with it the gain around the AGC loop may vary.
It is, therefore, not
enough to establish stability at a single level of input signal. A procedure
by which a system such as that shown in Fig. 9“1 might be studied is the
following.
Suppose that the loop is broken at point A and a convenient
Now
steady voltage is applied to the i-f amplifier terminal so exposed.
apply to the receiver an input signal whose level is so adjusted that the
output of the control circuit is just equal to the voltage applied to the
amplifier, in other words so that the connection at A could be remade
without altering conditions.
If now a small test signal of variable frequency is applied to the i-f amplifier at A in addition to the steady voltage, the output of the control circuit will contain a component of the same
frequency, differing in general in both amplitude and phase from the input
signal. The transmission function is the quotient of these two signals.
The process may then be repeated for a different value of steady voltage
or input signal level.
For usual values of circuit constants it will be found that the part of
the feedback loop involving the i-f amplifier contributes practically
nothing to the change of gain or phase with frequency in the range of
interest.
Its effect is restricted to change in gain with input signal level.
This circumstance makes possible a considerable simplification in the
process of investigating stability, for it is necessary only to make a complete study of the system as a function of frequency at a single input level.
From this it is possible to ascertain the frequency at which a phase shift
of 180° has occurred, as well as the change in loop gain required to produce
instability.
A separate investigation of the gain as a function of input
level may then be made at any convenient test frequency.
A still further simplification may be made by relating the effective
gain of the i-f amplifier portion of the feedback loop to the characteristics
Suppose for the sake of definiteness
of the i-f tubes that are controlled.
that gain control is accomplished by means of control-grid bias on one
or more i-f stages. If now the feedback loop is broken at A and a steady
input signal applied to the amplifier together with the appropriate bias
voltage, a straightforward calculation of the gain may be made.
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input signal,
output signal from second detector,
bias voltage applied to the amplifier,
output voltage from control circuit,
gain of i-f amplifier and second detector.
E. = SE,.

(1)

The total gain S may be written as the product of individual stage gains
H

s = SO11

(2)

gmRa,

a
Suppose now
where SO represents the gain of the stages not controlled.
that an increment AEB is applied, producing a change in the transcon ductance Ag~. The change AE. will then be

‘Eo=’EiHf=EoM’”
a

(3)

a

It is ordinarily desirable that E., the output of the receiver, should be
moderately large and at the same time should not vary appreciably with
change in input signal level. This last requirement calls for high gain
around the feedback loop, which would in turn limit E. to a small value
if applied directly.
To permit simultaneous fulfillment of these conflicting requirements, a delay ooltuge is usually applied in the control
circuit in such a way that feedback is effective only when E. exceeds a
fixed value E:. The relation between E, and Eo may then be expressed
as follows:
llc = k(E. – E:)
Eo > E:
. 0
(4)
E. < E:.
With the help of this relation Eq. (9.3) becomes
AEc = kE.

2

~

(5)

a

If now the loop gain of the feedback network is denoted by S., Eq. (5)
may be written
Ag:
s. = kEo
—
(6)
g:
AE,
2
a
or, on passing to the limit AE~ * O and identifying AEB with the change in
grid voltage Ae~ of the controlled stages
S. = kEo

z

d(ln g~)
~
9

(7)
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Thus if the logarithm of the transconductance of a tube is plotted as a
function of grid voltage, the slope of the curve so obtained will be a measFigure 9.3a shows
ure of the loop gain for that tube in the AGC system.
such a plot for three 6AK5 tubes selected from a lot of 27, and Fig. 9.3b
shows a plot of the slope of the curves against grid voltage.
Figure
91
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FIG.93a.-Typical curvesfor singletubes,
type 6AK5.
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FIG.9.3b.—Typical curvesfor singletubes,
type 6AK5.

98
s
g7 .
c
.—
S6
~
&5

3
_8 -7 _6 _5 -4 -3 -2 -1
Bias volts
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FIG.94b.-Results of measurements
of 27
tubes,type 6AK5.

9.4a and b shows the limiting values for both sets of curves in the whole
set of 27 tubes. This set of data was obtained in the course of the
development of the receiver described in Chap. 15, to which reference
should be made for further details.
It is apparent from these curves that if the bias of a controlled stage
is subject to wide excursion, the change in gain around the feedbackloop

SEC.93]

AGC CIRCUITS

247

will be considerable.
These excursions may be reduced by applying the
control to a greater number of stages, thereby reducing the safety factor
that must be provided to ensure stability under all conditions.
It was stated previously that the i-f amplifier usually contributes little
to the frequency characteristics of the feedback loop.
This maybe made
clear by noting that the AGC voltage is applied as a modulation to the
input signal of the receiver, thereby producing sidebands on either side of
the input carrier. The effect of the i-f amplifier on these sidebands may
be represented as approximately equivalent to the effect on the original
AGC signals of a low-pass circuit ~vliosefrequency characteristic about zero
frequency is the same as that of the i-f amplifier about its midfrequency.
The rest of the AGC loop will ordinarily be much narrower than this.
If, however, an attempt should be made to provide a fast acting AGC
system, the sit uat ion is changed.
Suppose, for example, that an attempt is made to secure sufficiently
rapid AGC to permit control of the gain of the receiver to be completed
before the end of the pulse that initiates the controlling action.
To do
this, the entire feedback loop must transmit a band of frequencies extending to a substantial fraction of the reciprocal of the pulse length T. If the
receiver bandwidth is approximately matched to the length of the pulse
signals, each stage of the receiver has an i-f bandwidth of approximately
3/7 or is equivalent to a low-pass circuit having a bandwidth of approximately 1.5/7 as far as effects on the feedback loop are concerned.
The i-f
circuits will therefore be an important influence on the over-all frequency
Detailed consideration
and phase characteristics of the feedback loop.
shows that the achievement of stability in these circumstances calls
either for application of feedback around only a single i-f stage, with
attendant practical difficulties in securing sufficient loop gain, or, if feedback extends over several stages, for unusably small loop gain. The
first alternative is approached in the IAGC circuits to be discussed in
Sec. 9.4.
It may be remarked that if AGC action of this rapidity were attainable, mathematical consideration of the circuits could proceed on the
usual steady-state basis without regard to the pulse nature of the information. It is apparent, however, that the only method of securing such
rapid action is to use a receiver whose bandwidth is considerably greater
than would otherwise be chosen.
There are considerable similarities between the problems of AGC and
those of AFC, previously mentioned.
In particular, the difficulty in
securing control of gain within the length of a pulse is completely analogous to the difficulty in controlling frequency within the same time. There
is, however, one fundamental difference between AGC and AFC in regard
to the requirements placed on circuit action in the intervals between
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pulses. Proper AFC action almost always requires that the frequency
be maintained constant in the intervals between pulses, in order that the
On the
receiver may be ready to accept any signals which may appear.
other hand, no requirement is placed on the gain in the intervals between
pulses. 1 In some receivers, provisions have been incorporated to allow
the i-f gain to be at its maximum except for an interval around the
selected signal during which time the gain is under the control of this
signal. This procedure permits simultaneous use of the receiver at
maximum sensitivity in searching for other signals. If the interval in
which gain is controlled is longer than the gate already present in the
feedback loop (see Fig. 91), no change in the action of the circuit will
be produced, since the procedure is equivalent to breaking the feedback
loop in two places rather than one in the intervals between signals.
If an AGC system is used in connection with signals carrying intelligence in the form of amplitude modulation, it is essential that there be
p~oper correlation between the speed of action of the AGC and the freA sufficiently low modulating frequency spectrum of the intelligence.
quency will be entirely removed by the AGC action from the normal
output of the receiver.
It will, however, appear in the control voltage
tha~ is fed back and may, by proper circuit design, be recovered and
utilized at that point.
In the receiver described in Chap. 15 this procedure is followed for reasons that are given there.
9.4. Instantaneous Automatic Gain Control (IAGC) Circuits.-A
situation that arises often enough in radar systems and possibly also in other
pulse applications to demand special consideration is that in which interference in the form of a c-w carrier or an amplitude-modulated
wave is
present.
If the amplitude of the interference is small compared with the
desired pulse signal, it is ordinarily sufficient to provide adequate gain
control as described in Sec. 9“2. Where the relative amplitudes are
reversed, however, additional design features may be useful. These
features act in such a way as to preserve the incremental gain of the
receiver for the desired pulse, while greatly reducing the response to the
interfering signal.
Suppose that the desired signal is made up of a carrier frequency ~0,
amplitude-modulated
by a rectangular pulse. It is convenient to focus
attention on the i-f amplifier, and therefore .fo may be assumed to be in
the neighborhood of the intermediate frequency, say 30 Me/see.
For
ordinary pulse lengths, such as 1 psec, the signal then consists of approximately 30 oscillations.
Suppose also that the interfering signal is a c-w
carrier of frequency f,.
If 1~1– jol >1 Me/see, the envelope of the
combination—signal plus interferenc~will
exhibit at least one complete
1LTnless,of course, one is dealing with a situation such as a television
which the pulsesserve as a pilot control for the interveningsignals.

signal

in
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cycle of the difference frequency (~, –jO).
If, however, 1~1–jO1 <<1
Me/see, the envelope of the combination will be essentially the steady
value characteristic of the c-w carrier with a rectangular pulse superimposed onit.
According totherelative phase ofsignal andinterference,
the resultant may be either larger or smaller than the c-w interference; therefore the envelope
—
may appear to have either aposi(a) —
q
tive ora negative pulse of amplitude equal to that of the signal,
or there may be any intermediate
condition.
If repeated pulses are
viewed on an oscilloscope in the
presence of such interference, all
values of the relative phase be(d)
tween signal and interference are (b)
t
+
run through, and the pattern
appears to be filled in as shown in
Fig. 9.5. It is apparent therefore
that for part of the time at least,
Fhc. 9.5.—Wavef0rms
of signalplusinterference. (a) I-f er,velopeof signal alone;
there is a change in the amplitude
(b) i-f envelopeof signal plus interference;
of the envelope of signal plus
(.) seconddetectoroutput, signalalone; (d)
seconddetectoroutput, signalplus interferinterference, which is comparable
ence (afterliC-cOuplingcircuit).
in magnitude to the amplitude of
the signal alone.
If this change in envelope can be preserved, the signal
may be recovered from the interference.
The phenomenon of i-f overloading has already been described in
Sec. 6.11. It will be recalled that if the input vs. output characteristic
of a single i-f stage is measured, a level of input signal is easily found
such that increase in input produces no increase in output (see Fig. 6.12).
If this stage is so placed in the receiver that the level of the interfering
carrier at its grid is in this region of no change of output, it is plain that
the signal pulse superimposed on the carrier envelope will be entirely
wiped off and the signal will be lost. Two procedures might be adopted
to combat this signal loss. The first, reduction of gain ahead of the point
at which overloading occurs, is effective but has the disadvantage of
reducing the size of the de~i~ed signal at the receiver output.
The
second procedure is the provlslon of back bias in some form.
An additional bias voltage is added between grid and cathode.
Ideally, the
magnitude of this bias should be comparable to the peak voltage, or envelope, of the interfering carrier at the grid of the tube in question.
In
this case, the peaks of the waves of the interference come to approximately the normal quiescent point of the stage, and changes in the size
of the peaks are preserved.

—
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Probably the simplest circuit that may be considered for this procedure is obtained by increasing the size of the normal cathode resistor
to the point where the tube acts as an infinite impedance detector (see
Sec. 7.7).
To prevent excessive loss of gain, the resistor is bypassed for
the intermediate frequency.
Normal operating current in the tube may
be obtained by returning the cathode resistor to a negative voltage or
the grid circuit to a positive voltage.
This simple circuit suffers from two disadvantages.
First, it is difficult to secure enough bias voltage.
In order that the bias be equal to
the peak voltage of the interfering carrier, it would be necessary to
achieve unity detection efficiency.
A large value of cathode resistor
loo@

loo##f

10

s,
3
-150V
.. .
FIG.9.6.—Back-~ias circuit.
and bypass condenser would then be required.
To obtain normal gain
from the stage in the absence of interference, normal values of cathode
current must be used, thereby setting a limit to the size of the cathode
resist or. The second difficulty arises from the undesirable time conIf a strong signal,
stant of the cathode resistor and bypass condenser.
such as a block of normal echoes, ends suddenly, the cathode bypass condenser will be left charged to a positive voltage from which it can discharge only through the cathode resistor, since the tube will be cut off.
This discharge may take several microseconds, during which time the
receiver is insensitive to weak signals.
A somewhat more versatile circuit may be obtained by applying the
bias voltage to the grid, as shown in Fig. 9.6. A cathode follower is used
to provide a low-impedance source for the bias voltage.
A diode detector
with negative output supplies the voltage for the grid of the cathode
follower.
The best relation between the bias voltage and the amplitude

SEC.95]

SEN.TIY’IVITlr-

l’IitfE-C{~.VTIi(lI.

(STCj (:1 RC1:ITS

251

of the interfering carrier is usually obtained if the diode detector is connectedto the plate of thestage following theoneto which the bias voltage
is applied.
Inother words,thefeedbacke xtendsovertwoi-f
stages. If
the regular second detector of the receiver is a diode with negati~-e output,
its output voltage may be applied to the grid of the next-to-last i-f stage
byway of acathodefollo\ver,
thereby adding only onetubeto
the usual
complement.
The principal disadvantages of this circuit are dificulty
in assuring stability and lack of flexibility in adjusting the ratio of bias
The fact that the feedback extends
voltage to interference amplitude.
over two stages is one of the important reasons for stability difficulties.
A circuit of still higher performance isusedin
the receiver described
in Chap. 14 and is illustrated in Fig. 11.15. Reference should be made
to that chapter foradetailed
description of the circuit.
Itwillbenoted
that feedback extends over only one stage and that a video amplifier of
adjustable gain has been incorporated into the feedback loop.
This
circuit may therefore be applied to any i-f stage in which overloading is
troublesome, without regard to the following stages. In the receiver
described in Chap. 14, the last three i-f stages are so protected.
This
protection, however, involves the addition of loading due to the diode
detector across each i-f interstage coupling circuit.
In a receiver with
a wide i-f pass band (several megacycles per second), this added loading
may cause serious reduction in gain. The capacitive loading may be
reduced by the use of germanium crystals in place of the diode (see Sec.
7.4). The resistive loading presented by the germanium crystal, although
seldom heavier than the amount required to secure the necessary bandwidth, does vary with signal level, and the pass band of the amplifier
according y varies.
The receiver of Chap. 14 incorporates an additional circuit (Fig.
14.16) known as “ detector-balance-bias, ” DBB, whose action has many
points of similarity to the IAGC circuits discussed above.
It differs
in two important respects: (1) It is not a degenerative or feedback circuit,
since the input for the circuit comes from a point in the receiver ahead of
the point at which the output is applied, and (2) bias is applied to a diode
A delay line is included in the circuit
detector instead of an i-f amplifier.
to prevent any biasing action until a time comparable to the pulse length
of a normal signal has elapsed.
Such a delay line would impose severe
problems in maintaining stability in a degenerative circuit and therefore
could not be incorporated directly into the IAGC circuits.
Reference
should be made to Chap. 14 for a detailed discussion of the action of the
DBB circuit.
9.5. Sensitivity-time-control
(STC) Circuits.—In
addition to the
IAGC circuits, a system of time variation of gain, which has come to be
known as “ sensitivity time control, “ is often used as an aid to radar
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The inverse-fourthoperation in the presence of land or sea clutter.
power dependence of echo signal power on range leads to extreme variation in the intensity of clutter signals. In many cases it is necessary to
reduce gain by as much as 40 db in order to make near-by objects visible
Although the IAGC circuits are capable
in the presence of severe clutter.
of producing this much reduction in gain, their operation is somewhat
improved if they are not called upon to do so. It is accordingly advantageous to produce a smoothly varying change of gain with range (or
time following the transmitted pulse), which is nearly sufficient to permit
visibility of small objects in the areas of least clutter.
The IAGC circuits
then need produce only the rest of the required decrease in gain. The
STC circuits may function in this way. They may also be used on
receivers not provided with IAGC to give improved visibility in the face
of clutter.
Circuits used for STC have usually been designed to apply to the
normal gain-c ont rol terminals of the i-f amplifier an additional voltage
pulse of the proper shape and magnitude to produce the desired variations
of gain. It has been found that a comparatively simple waveform with
two or three adjustable parameters offers a sufficiently close approximation.
The TR tube and to a lesser extent other receiver components do
not recover completely for a few microseconds after the transmitted
pulse. Accordingly it has been found desirable to have the i-f gain
Typical
remain constant during this time and then return to normal.
voltage waveforms as well as a circuit for producing and inserting them
are shown in Fig. 14.18.
It is, of course, possible to apply voltage waveforms of other sorts to
the gain-control terminals.
For example, a square wave may be used to
give alternate high- and low-gain conditions after successive transmitted
pulses. Such a system is used in conjunction with the circuit for changing
video limit level which is described in Sec. 8.7. If the attempt is made
to apply a waveform that is too steep, frequency components may be
present that fall within the i-f pass band.
These appear in the video
This phenomenon will ordinarily be eliminated by
output as “spikes.”
the i-f decoupling in the gain-control lead if enough decoupling is proIf relatively steep waveforms
vided to ensure stability of the amplifier.
are to be inserted, excessive decoupling should of course be avoided.
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BY F. M. ASHBROOK
10.1. Introduction.—The
mechanical construction of ~eceivers used
for microwave reception must be considered primarily with regard to
the effect that it has on the functioning of the electrical circuit.
iMicrowave receivers often use intermediate frequencies of 30 hIc/sec or higher.
At such frequencies a chassis can no longer be considered a universal
and fixed ground, because its dimensions may be an appreciable fraction
of a wavelength.
Instead, it must be regarded as a conducting sheet on
which there are currents and potential differences.
The coupling of these
ground currents produces exactly the same effect, good or bad, as any
other form of coupling between circuit elements.
It is just as important to prevent external fields from generating
ground/currents on the chassis as it is to prevent the intercoupling of the
internally generated ground currents. The interconnecting of the various component parts by means of cables must also be considered from the
standpoint of stray signals that may be introduced into the circuits.
The unit must be constructed with mechanical strength and durability,
and adequate space must be provided so that the component parts will
The necessity for close correlation
be readily accessible for servicing.
between the mechanical design and the electrical properties of the receiver
has already been stressed in Chap. 6.
10.2. The Construction of the Receiver Box.—The box that houses
(1) It must protect the receiver
the receiver has two general functions.
from externally generated fields that could interfere with the functioning
of the receiver.
(2) It provides mechanical protection for the receiver so
that the component parts are not physically damaged.
The box can
serve also as a guiding element to aid the circulation of air for cooling.
Both the basic design and the details of construction of the box
depend a great deal on the receiver and the system as a whole. For
example, the receiver used for a fixed ground installation obviously does
not require the same construction as that which is applicable in a lowpower lightweight airborne installation.
As a first subdivision, the
receivers can be divided into two classe~:. those using the regular or large
tubes such as 6AC7’S, etc., and those using miniature and subminiature
tubes. These tw-o general groups of receivers may also be classified
253
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according to the method of packaging.
A first group has the complete
receiver, i-f amplifier, local oscillator, and power supply in one package.
Asecond group hasthecomplete
i-f amplifier, with orwithoutl ocaloscillater, inoneutit,
~viththe po\versupply ina remote unit. A third group
has the i-f amplifier split into two sections, one part located at the mixer,
the rest in the main package.
The last group, which almost always uses
miniature tubes, has a unit containing an i-f amplifier mounted as part
of a larger unit which supplies mechanical protection.
Although each type of receiver presents an individual packaging
problem, there are fundamental requirements that must be met by all
receivers. These are ease of assembly of the component parts in the
unit, ease and simplicity of making repairs, and completeness and durability of the electrical shielding.

.,

.—

I

FIG.10.l.—Typical large-tubereceiverin one box, Note constructionwith covers top
and bottom,an air filteron the top cover,operatingcontrolson frontand side.
The Exterior Box.—One type of exterior box which houses the complete receiver consists of three pieces.. The outer shell, or “wraparound, ” is an open box into which the receiver chassis is fastened.
On
the top and bottom of this box are covers that maybe removed to provide
access to the component parts. Figure 10.1 shows a view of a receiver
that has both covers in place.
The controls for adjustment and operation of the receiver are on the front.
The two cables extending out in
front are the cables that connect the i-f amplifier and the mixer. The
bead rolls on the box just below the top and bottom edges have the purpose of strengthening the box and thus ensuring a better contact with the
covers.
The chassis is a tighbfitting shelf with a lip just large enough
to provide a means of fastening the chassis securely to the box. Figure
10.2 shows part of a chassis assembled in a box. The two parts are held
securely together by means of screws at regular intervals.
This means of
assembly provides maximum accessibility of the component parts during
manufacture; and because the thassis is tight-fitting, the screws can
provide the necessary electrical bond between the box and chassis.

The only practical way to exclude externally generated interference
from thereceiver istohav
eanelectricall ytightbox.
The firststepisto
provide adequate means for m~intaining a good electrical bond bet\veen
There have been several types of
the receiver box and the covers.

.-...— .——..
.-..-——.

——---. . —..—
—— --——-

..J

FIG.1[0 .—Bottomviewof a rerei~er. Thechassisedgesarebentupandfittightly
the wallsof t}mhex.
device us~d, but on the whoie the most satisfactory, particularly from the
standpoint of durability and economy, is the “antirattlc
[’lip’” (see
Fig. 1023n).
This clip was developed for use in automobile radios and
has been widely used where it is desirable to
0.012”
0.012“
maintain a good electrical connection between a
fi 1
box and cover.
It is common practice to roll ~~ .
‘m
00 0
around the edge of the box a groo~~ethat engages +Je ;Ljz
the two spring fingers on the clip and prevents
-%
it from coming off the box when the cot’er is
~/)j
=
removed.
Figure 10.230 shows a section of the
~b~
+lo~
0
5.
box with the groove and an antirattle clip in
9, 0
place.
T
The cross section of the groove or rolled sec16 or 18~a. C,R.S.
tion is shown in Fig. 103.
This section ~t-as ~xG,10.3.—RoUedsectim~
for antirattleclips.
designed with the idea of obtaining a flow of
material rather than of having t \\-oopposing cutting rollers which would
weaken the box.
It is necessary that the edges marked a and b be
maintained sharp enough to retain the antirattle clips. It has been found
that anallowanceof+
in. oneachside isdesirable between the box and
1The antirattlcclip is rnanufacturwiby theTnited-(;arr FastenerCo., ~:in]l)ridgc,
Mass,
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the cover for the antirattle clips. The edge of thecover should extend
vertically downward at least ~ in. for best results.
The smaller antirattle clip (Fig. 10.23m) was developed for use in
the miniature-tube amplifiers where the large clip wastoo bulky to use.
Figure 10.23 kisaspring-finger
clip, similar toantirattle clips, whichwas
also developed for use in miniature-tube amplifier strips.
10.3. Introduction of Cables and Leads. —Secure bonding of the
covers prevents signals from leaking into the receiver by way of the
covers, but it is also necessary to remove any other possibilities of leaks.
The most careful attention should be paid to all of the cables entering
or leaving the unit to be sure that they will not conduct externally gener-

r
/’r

Outer insulation
Shielding

Inner conductor J

/+3

Coaxial insulation

L’;;:::;;

J

4
.

Firm electrical bond ~
tween shielding and box

FIG.10.4.—Incorrectmethodof introducing FIc. 105.-Correct methodof introducing
shieldedcable.
shieldedcable.
One source of trouble is the introated interference into the receiver.
duction of a shielded cable into a completely sealed box, as shown in
Fig. 10.4. The shielding on the cable does not make contact with the
box where it is introduced but is grounded internally.
The arrows
in the diagram show the path that any signal or interference which
is picked up on the outer surface of the shielding must follow in order
to return to ground.
The currents around the loop will generate a
field in the enclosed box in just the same way as do the coupling loops
used with resonant cavities.
Figure 10.5 illustrates the correct method
of introducing shielded cables into a box where shielding must be maintained.
If external interference is to be kept from the receiver proper,
then the shielding on the interconnecting coaxial cables must be sufficiently heavy to prevent voltage differences generated on the outside
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of the shielding from penetrating to the inner surface of the shielding.
Only the heavy double-shielded cables have been found good enough to
give adequate protection from interference such as might arise from a
near-by radio transmitter.
Figure 10.6 is an example of the application
of this shielding in the receiver discussed in Chap. 14. The two input
circuits in this illustration are for the signal channel and for the AFC
circuit. This is a particularly good example, because the shielded cable
enters not only the receiver box but also the i-f subchassis box. The
mechanical construction is as follows: a short lead-through tube is welded
securely to the outer box and extends through to the inner box with the
threaded section sho\vn; the i-f cable stripped of its outer covering is

FIG,106.-Method of introducingi-f cablesinto receiver.
forced through the tubing until enough of the cable extends through the
tubing to complete the electrical connection; the cable shield is soldered
to the lead-through tubing; and the two nuts cm the tubing provide the
means of securing the inner box and making certain of good electrical
connection.
Any other cables that enter or leave the unit must be treated in a
similar manner.
Particular emphasis should be placed on the treatment
of the power and control circuits,
If the receiver and power supply
are in one unit, the only connections into the receiver ~vill be the main
power leads together with any external control circuits.
The a-c power
should be handled carefully to prevent pickup of stray signals. If pOSsible, it, too, should be in a shielded cable, and once inside the receiver it
should go directly to the po~ver-supply transformer and should not be
cabled with other wiring. The control circuits require even more care,
because they generally are high-impedance circuits,
It is usually neces-
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sary to provide some sort of filtering for these leads. If this is not done
just as soon as the circuits enter the rweiver box, most of the effectiveness
of the filtering is lost, because that part of the lead between the entrance
to the box and the filter serves as a means of feeding the interference
into the box.
With high-impedance circuits it is also necessary to be careful of the
grounding.
For instance, if a tuning control for a local oscillator is
grounded in a control unit located at a distance from the receiver, then
any voltage drop in the ground circuit between these two units adds a
voltage in series with the control potential for the local oscillator.
If
the current in the ground circuit fluctuates so as to cause this voltage
drop to change, then the tuning also fluctuates.
Large metal structures
with much electrical machinery are likely to have considerable voltage
differences in the structure.
It is very desirable, therefore, that the ground
circuit of all voltage-sensitive devices be returned to the unit that is being
controlled and that the controlled unit jurnish the only ground for that
circuit.
1004. Holes for Ventilation and Adjustment.—The
last consideration
is the question of shielding the holes that are necessary for ventilation
and adjustments.
Many of the adjustment holes can be protected most
of the time by a tight-fitting snap plug such as those shown in Fig. 10.1.
The plug must make good electrical connection with the wall of the box,
or it will not be effective in preventing external fields from being coupled
into the unit. There are certain other types of hole, such as ventilation
holes; that cannot easily be plugged.
For these it is necessary to provide
a suitable grating to attenuate the signal sufficiently to prevent trouble.
The signal leakage through a hole that has a diameter equal to one or
more wavelengths can be found by using the principles of physical optics.
The case where the hole is about the same size as the wavelength has not
been calculated; but for a hole less than #u wavelength in diameter, the
leakage through the hole is proportional tol
A6

s tot

== —~
A’

where SfO,is the Poynting vector, A is the radius of the hole, and x the
wavelength of the signal. This statement assumes that the thickness of
the material in which the hole is punched is negligible.
If the material
has thickness t,then there is an additional attenuation of
~=

32.

t
r

db,

I H. A, Bethe, RL Report A-o.Y-1.5S,Jar).23, 1942; ~hys.

Rev.,

66, p, 163 (1944).
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where r is the radius of the hole. Since the leakage increases so rapidly
with hole size, it is immediately obvious that any grating, if it is to be
effective, must have the smallest holes possible.
These calculations of attenuation are based on round holes. If
slots are used, the leakage is largely governed by the long dimension.
Consequently, a slot t by 2 in. produces about the same attenuation as a
hole 2 in. in diameter for the worst orientation of the plane of polarization of the incident interference.
To obtain some estimate of the absolute magnitude of the transmission,
through such a small hole, one may consider the coupling holes used in
waveguidesj for which the attenuation has been measured.
For a hole
0.040 in. in diameter in the narrow side of ~- by l-in. waveguide at a
frequency of 10,000 Me/see the attenuation is approximately 20 db.

FIQ.1O.7.—Amechanicalcouplinglink actingas a dualdipole.
From this datum the attenuation of a hole ~ in. in diameter for a fre.
quency of 30 Me/see may be estimated to be about 70 db. Inasmuch
as the gain of a typical 30-Mc/sec i-f amplifier may be as much as 120 db,
it can be seen that such a ~-in. hole might cause difficulty in some cases.
If external interfering fields are expected, it is wise to test the unit by
generating a field of the expected magnitude and operating the unit in
that field.
Any hole that is located in the receiver box and used to permit operation of a mechanical adjustment inside the receiver requires special
A typical example is a shaft connected to a variable conattention.
denser, LO tuning strut, or the like. If the shaft is metal, it may act
as an antenna on both sides of the box (see Fig. 10.7). Whether or not
the part of the shaft extending out of the box is grounded, it is still easy
for the right frequency to excite the shaft. When thk happens, the
shaft will reradiate on the inside of the box.
If the shaft were to go
through a metal tube without making particularly good contact, the
energy transfer might still be good because the shaft in the tubing would
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To eliminate this transfer of energy
act just like a coaxial conductor.
into the box, it is necessary to do one of two things: either to make a
good electrical ground to the shaft at the point of entry to the box or to
make the shaft of an insulating material.
It is necessary to shield a receiver box for both i-f and r-f signals. If
a local oscillator is present in the box, the requirements for r-f shielding
are obvious.
In units where only the i-f amplifier is present, however,
the shielding is still very important, because it is often found that such
r-f signals, even at 10 cm, are rectified at the grid of the i-f amplifier
tubes and thus produce a signal in the i-f channel.
If an AFC circuit is
present, the shielding must be very carefully done for the reasons outlined in Chap. 3.
If the receiver is part of a larger unit that is enclosed and provides
adequate shielding against externally generated interference, it is possible to take some liberties with the construction of the receiver box.
Most of the miniature-tube strips used as illustrations in this chapter
were designed to be used in larger units which provided the external
sluelding requirements.
Therefore, it is necessary to provide only
enough shielding to ensure the stability of those units plus a moderate
amount of shielding from externally caused interference.
10.5. Construction Materials.-The
chassis material plays an important role in determining the serviceability of an amplifier.
Silver, copper,
and aluminum are the three best materials from the standpoint of electrical conductivity, but the material selected must have durability and
resistance to corrosion as well. It must also be adapted to establishing
In this last respect,
and maintaining a good electrical connection.
aluminum is a poor construction material for use with any techniques so
far developed because it is difficult to make a soldered connection to
aluminum that is durable.
Therefore all the grounds must rely on pressure joints.
These joints soon begin to give trouble from high resistance
as a result of the very tough oxide coating that forms on aluminum.
The chief possibilities for improvement would seem to be the use of plated
aluminum to which solder connections can be made or the use of welded
connections for grounds.
Electrolytic corrosion is another source of trouble in the use of aluminum and similar materials.
Most of the basic components and the
wire used in the construction of receivers are composed largely of copper.
These two metals, aluminum and copper, are widely separated in the
electromotive series. Therefore at the junction of these two metals
there will be a strong tendency toward electrolysis which furthers the
The
corrosion at the junction, with consequent increase in resistance.
material selected for the chassis and box should therefore be a metal
that is free from corrosion and placed in the electromotive series near to
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copper and tin, which are prominent in component parts. Copper, iron,
tin, nickel, and cadmium are all close together and grouped around
hydrogen, the zero point in the table.
Iron and nickel are not satisfactory materials, both because of oxidation (rusting) and because of
difficulty of soldering.
Copper (or brass) and cadmium are therefore
left as the most acceptable materials.
Copper and brass are excellent
materials, easy to work with and to solder, but in damp climates are
susceptible to corrosion.
Cadmium is never used as a base metal by
itself, but rather as a protective plating for other base metals.
Cadmiumplated steel and brass are very durable materials.
One objection to cadHowever, a
mium plate is that it tarnishes wherever it is touched.
‘‘ water-dip lacquer” treatment at the time of plating protects the surface
from finger marks without damaging the electrical characteristics.
10.6. The I-f Amplifier.-With
i-f amplifiers that have gains of about
120 db and bandwidths of 1.5 Me/see and more, the problem of maintaining the stability of the amplifiers, particularly those made in production
quantities, is a serious one. The mechanical layout of the component
parts must be done with meticulous care,
and each part must be placed with due
m–
I.f tubes
regard to possible coupling with other parts
IIM’
\\
and coupling through ground currents.
// ‘1 111,1,
Each i-f amplifier stage has its own set II 1’ 111,, — Ground currents
1’ 111
Il.
of ground currents.
If the amplifier as a \\lll
iill
\\l W//
whole is to be stable, then the coupling of
\
these ground currents must be a minimum.
/’
The simplest and most direct approach to
,\
a
this problem is to build the amplifier so
j\l\\ Coupling between
// l//l
1111 l,\
/1 1
that all of the i-f circuits are in a straight
ground currents of
,.1
adjacent if stages
ll;;~jji~,
line, one following the other. Any stage
that “goes around the corner” will have its
ground currents flowing in such a way that
‘yy:~o
coupling between it and the previous stage
is more likely to occur, as illustrated in Fig.
._.
10.8. In actual practice, wheh amplifiers
FIG. 10.8.—Thecouplingbeare built on a large chassis and bent around
tweengroundcurrentsthatoccurs
wheni-f amplifiertubesarenot in
a corner, it has been found necessary to
a straightline.
provide more careful shielding as well as to
keep a tight cover over the bent stages. With an in-line amplifier strip
it is possible to test the amplifier with no covers on, but with the bent
amplifier this is usually not true.
Instead of considering the currents that flow in the chassis, attention
may be focused on the electric and magnetic fields inside the enclosure,
inasmuch as the fields and the ctmrent in the boundary are directly re-
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By adopting the field point of view, it is
Iatedby Maxwell’s equations.
possible to introduce many of the concepts and semiempirical results used
in waveguide circuitry.
The box in which the amplifier is mounted plays
the part of the waveguide, and the coils or other circuit elements serve to
set up fields in the enclosure.
It is well known that a waveguide of a
given size will transmit freely only waves of a frequency above a limiting
or cutoff frequency.
Frequencies lower than this are attenuated at a rate
that is governed almost entirely by the dimensions of the waveguide.
This behavior is made use of in the waveguide attenuator (see Chap. 11).
It may be shown that the cutoff frequency is related to the width of a
rectangular waveguide as follows:

It may also be shown that a frequency j<< ,fCwill be attenuated 27.3
db in going a distance equal to the width of the waveguide.
Both these

FIG.10.9.—Detailof bottomof six-stagei-f amplifier.
results assume that the field configuration belongs to the so-called “ lowest
mode” in which the electric field is parallel to the shortest dimension or
height of the guide. Other modes have a higher cutoff frequency and are
attenuated more rapidly.
For a frequency of 30 Me/see it would be necessary to have a waveguide 5 m wide to transmit signals freely.
Accordingly, any box that is
likely to be encountered may be considered as a waveguide below cutoff.
Consider now an amplifier of many stages laid out in line and mounted in
a rectangular box. As a signal goes through the amplifier, it is continually being amplified.
At any given point, for example, one of the inductances in a particular stage, there may be coupling between the amplifier
circuit and the waveguidelike field. This may produce a wave traveling
back toward the input stage of the amplifier.
This wave will be attenuIf, however, it arrives at the input end
ated at the rate of 27.3 db/width.
of the amplifier sufficiently strong to produce a signal voltage greater than
that originally introduced, oscillation may result. This situation may be
avoided by so spacing the amplifier stages that the gain in a length equal
to the width of the box is less than 27.3 db. .41ternatively, the effective
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width of the box may be decreased by such an expedient as the use of a
post making good electrical connections with the top and bottom of the
box. Figure 10.9 illustrates the use of two blocks that act as waveguide
filters in an i-f strip.
Where an i-f strip is part of a larger box, as in Figs. 10.10 and 10.11, it
is necessary to provide extra attenuation between input and output by
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FIG.10.IO.—Acompletereceiverin one box withi-f stripalongtop and coverfor firsttwo
i-f stages.

FIG.1011.—A 3-cm receiver. I-f stripis in boxed-offsection. Smallcoverfitsoverfirst
two i-f stages.
some means, because the full width of the box is effective as a waveguide
and thereby greatly reduces the attenuation from output to input.
Without the extra attenuation provided by the small cover that fits over the
input circuit in Fig. 10.10, the attenuation from the detector coil to the
input coil, if unity coupling between coil and guide is assumed, would be
only about 33 db. In Fig. 10.11 the attenuation without the extra cover
is about 57 db. In both cases this was insufficient attenuation to prevent
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regeneration.
Regeneration caused by feedback of this type may show
up only when the outer cover is on and connecting all the way around.
The two sets illustrated in Figs. 10.10 and 10.11 aie perfectly stable
when the outer cover is off. This feature is one of the requisites of good
design because it allows repairs or adjustments to be made to all components of the receiver with the set in operation.
If the outer cover is put
on without the inner cover, the sets are regenerative.
If, however, the
outer cover is placed on in such a way that it contacts one of the sides and
does not touch the other a“de, the set is again stable if the regeneration is
caused by this waveguide feedback.
The addition of the small covers
over the first two stages of the i-f amplifier provides adequate attenuation
to insure stability.
If these covers are to function satisfactorily, it is
necessary to ensure a good electrical bond between the walls and the

(a)
(b)
(c)
FIG. 10.12.—Special-purpose
four-stageminiature-tubei-f amplifier. (a) Bottom view,
coveroff; (b) cover; (c) top view.
covers.
Such a bond can be accomplished by the use of antirattle clips
on the walls as shown.
This shielding takes care of the electromagnetic
coupling in the amplifier.
To improve the electrostatic shielding, the partition that supports the cover is extended the full length of the amplifier.
This partition does not make contact with the outer cover.
These conditions are not in themselves sufficient to ensure the stability
of a receiver; but when coupled with proper design and layout of singlestage circuits, they will produce a receiver that can be made in quantity
without individual tailoring for stability.
It sometimes becomes necessary to bend an i-f strip in order to fit it
into the allotted space. Generally, this procedure is very uneconomical
because of the complications that arise in the construction of a bent
amplifier that is sufficiently stable to permit quantity production.
The
amplifier in Fig. 10.12 is perhaps one of the exceptions.
This particular amplifier has four i-f stages with a total gain of only 80 db. The other
two stages are detect or and video stages. The only wiring that is not
complete in this unit is the video output cable connection and the connection between the third and fourth i-f stages, which crosses between
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the two channels.
The tuning inductances are mounted on the wall of
the channel, and the load resistors are mounted on the tube sockets.
The
bypass condensers are button mica condensers as in Fig. 1022e, and the
voltage supply and decoupling resistors are in the interior part of the channel. The mechanical construction of the unit is such that if maj or repairs
are required, the coupling connection between the two channels can be
removed and the two parts easily separated.
The stability of this particular amplifier is good because the gain is low, there is a minimum
amount of wiring to pick up stray signals, and all ground connections are
extremely short. This set operates without regeneration at its normal
gain with or without the cover.
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FICI.10.13.—Wide-band
60 Me/seebenti-f strip. (a) Top view;(b)bottomview,coveroff.
If all six stages were i-f stages with gain of about 20 db per stage, this
construction would probably be troublesome from the standpoint of
stability.
The cover would have to make firm contact with the central
channel partition, and it would be impossible to operate the unit without
a cover on at least one of the channels.
If the front stud that holds the
two units together (near the input cable) were of insulating material
instead of a conductor, then the chance of stability might be increased.
As long as the metallic conductor exists between the input and output
stages, there is a short path between the ground currents of the input and
output stages. Without this connection between the two chassis, the
ground currents would have to flow back along the one chassis to the connection point, then over to the other chassis, and along that chassis to the
input circuit.
The path is thus considerably lengthened, and the ground
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currents are the same as they would be if the i-f amplifier were in a straight
line.
The amplifier in Fig. 10”13 is a wide-band 60-Mc/sec i-f amplifier with
again of about l15db.
This receiver isagood example fordemonstratIn order thht this amplifier
ing the problems that arise in bent amplifiers.
may not regenerate or oscillate, it is necessary that one of the two covers
be fastened in place. This is a handicap when experimental work or
servicing is being done. The two springs that project downward in the
cover contact the vertical strip on the chassis in which the bypass condensers are mounted.
These two spring fingers contacting this upright
have the effect of decreasing the width of the waveguide and so ensure
stability in the amplifier.
The input circuit in this receiver is not in place, since it attaches
The raised platform effect on the
directly to the mixer output probe.
back of the receiver where the power cable enters contains filter sections
for all of the incoming power and control leads. The antirattle clips
ensure complete connection of the covers at all times. The covers are
retained in place by six screws in the side. In this way a very compact
construction is achieved.
The circuits are all fixed-tuned, and the
inductances are wound on the coil forms illustrated in Fig. 10.22b.
In general, then, if it is necessary to build an i-f amplifier so that it
makes a right-angle bend or doubles back on itself, the construction should
be such that the ground currents set up in the chassis of the amplifier
flow in a direction that makes the amplifier appear to be of straight-line
Either this can be done by careful design of covers, which
construction.
will restrict the entry of currents to the proper place in the amplifier, or it
can be done by having the chassis of the amplifier split into two separate
pieces joined only at the point where the i-f amplifier proper bridges the
two chassis.
If this latter practice is followed, it must be remembered
that the two chassis can have only one connection and that any supporting
brackets or mounting devices, etc., must not connect the two chas.sa’s. The
cover must be of two separate pieces or constructed in such a way that it
makes definite contact with the center partition and, therefore, is of two
pieces electrically.
10.7. The Ground Circuits for I-f Stages.—The
individual stages
rather than the general structure of the i-f amplifier will now be considered.
At frequencies of 30 Me/see and higher the chassis can no
longer be considered an equipotential ground plane of zero inductance,
and the inductance of short lengths of wire begins to have an appreciable
effect.
Consequently, the arrangement of the component parts and the
grounding points for individual stages become extremely important.
A typical i-f stage is shown in Fig. 1014.
The resonant circuit consists of the inductance L in parallel with Cim(input capacitance of V2),

SEC.10.7]

THE GROUND

CIRCUITS

FOR I-F STAGES

267

C.., (output capacitance of V,), and any stray capacitance in the wiring
of the circuit.
Both the cathode bypass condenser C~ and the screen
bypass condenser C, carry i-f signal currents to ground.
These circuits
that carry i-f currents should be carefully grounded with as short lead
lengths as are practical.

-1

FIG.10.14,—Completecircuitfor i-f stageshowingthe variousgroundcircuits.
Those components which are not part of the actual i-f circuits, such as
the shell of the tube and the heater circuit and its bypass condensers,
should be grounded with leads as short as possible to a separate point
from the i-f components, because any inductance in a common ground
lead couples i-f signals in or out of these non-i-f components.
The supPlate

Grid

\ Cathode

(a)

(b)

Fx~.10.15.—Feedbackin a stagehavingthesuppressortied to thecathodewithinductsncs
in the commongroundlead. (a) Completecircuit; (b) equivalentcircuit.
pressor grid has been shown grounded, as is common practice for all highfrequency amplifier tubes.
If the suppressor is connected to the cathode
and if there is some inductance in the cathode-to-ground
circuit, then
feedback can occur from the plate to the grid of the stage, as shown in
Fig. 10. 15a. The equivalent circuit is that shown in Fig. 10. 15b.
The grounding of the shells of 6AC7’S should be done with care. The
connection between the tube pin and the shell is extra long, because this
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Thus,

even

though

the socket pin is firmly grounded, there maybe an, appreciable impedance
between the shell and ground and consequently a substantial signal
voltage may be built up on the shell. Thk can cause undesirable couThe receiver described in Chap. 13, as
pling into and out of the circuits.
first built, was in difficulties from this source and was modified slightly as
described there.
Good construction practice then indicates that for the most reliable
operation, each i-f stage should have all of its circuit components grounded
in one place and with short and low-inductance connecti ens. Because
the output capacity is inherent in one stage and the input capacity is
inherent in the next stage, the two stages should be as close together as
possible.
All of the stages should be arranged in a straight line or in
such a way that the ground currents of the stages are kept isolated.
The
inductances should be oriented so that currents induced in the chassis by
their fields are a minimum.
It is also necessary to locate the components
so that there is no undue electrostatic coupling.
The ground circuits for
elements not part of the i-f circuit should be separate from the circuit
ground.
The heater circuit should be carefully isolated so that feedback
from input to output terminal by way of it is a minimum.
The wiring
and grounding of the heater circuit should be so done that the wiring and
chassis current do not form a large loop that couples in with the signal
currents of the amplifier.
10.8. Typical Construction with Large Tubes.—When large tubes are
used (6AC7’S), it is generally most convenient and practical to mount
most of the components on the tube sockets as shown in Fig. 10.16cz.
(Figure 10.16b gives the circuit diagram for the portion shown here.)
In this way, the lead lengths of the components will be at a minimum.
Pin 1 on the socket is the shell and is grounded by itself. Pin 2, the
heater, is grounded, and the heater bypass condenser is returned to this
pin. The heater wire across the socket goes into a shield that is grounded
at the same ground point.
This construction keeps the grounding leads
short and keeps the loop formed by the heater circuit and the bypass
condenser small. It also keeps the chassis loop small, since the heater
and shield are both grounded at the same place. The suppressor,
The grid coil, the cathode and screen
Pln 3, is used as the circuit ground.
bypass condensers, as well as the plate bypass condenser, if there is one,
are all returned to Pin 3 on the tube socket.
This is not a difficult construction for production receivers because the tube sockets can be made
Up as subassemblies.
The mechanical strength of the mounting is good—
vibration and shock tests have failed to dislodge the components—and,
most important, all of the elements that carry i-f currents are confined
to a small space and short lengths of wire.
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The heater circuits are wired in pairs. The wire goes from the first
tube into the shield and along the chassis to the second stage; from the
second heater itreturns tothe shield at theheater ground point and then
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FIG.10.16.—Component
mountingin an i-f amplifier. (a) Photographof a portionof an
i-f strip; (b) Circuitdiagramof portionshownin (a).
in the shield leaves the amplifier strip. Outside the amplifier strip it is
It then returns to the shield and
connected to a series heater choke.
goes tothe transformer.
Each pair ofi-fstages iswired inthesamewayj
except that the first two stages are generally the only ones that need to
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If more isolation is required, it is
have a choke in series with them.
usually sufficient to put a choke in the last heater circuit.
When the
heater circuit is wired in this way, it is easy to determine whether or not
feedback is occurring through it and, if it is, what circuits are causing
trouble.
If all except one of the heater wires from the i-f circuit are
fastened to the transformer and that one wire is held on until these tubes
have reached operating temperature, then by connecting and disconnecting that wire and observing the effects on the regeneration, the contribution of that circuit can be definitely established.
The last two stages in this amplifier are operated at a higher plate
voltage than the rest. The plate condenser is returned to the same
ground point as the rest of the components (a return to Pin 3, the suppressor pin, would be preferable; but because there are already too many
mechanical connections to that pin, the next best grounding spot is
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f,/~,’////////~

Chassm ~

<

Chassis

FIG.10.17.—Connectingi-f cable betweentwo chasais.
chosen).
The three condensers mounted on the tube socket are O.OO1pf high-dielectric
ceramic condensers.
The half-postage-stamp-size
silver mica condensers may also be mounted on the tube socket.
The
resistor across the socket is the cathode resistor. Pins 1, 2, and 3 are
toward the bottom of the illustration.
The resistor with the coil wound
on it is the plat~load resistor. Actually, with the plate operating at a
higher voltage than the screen, the coil is unnecessary.
It is used here
for convenience to permit use of the same component part in each stage,
inasmuch as the value of the load resistance is identical.
The slug-tuned inductances are between stages. The components are
accessible for servicing, and the wiring is reduced to a minimum.
Special stages, which because of their construction or location do not
have short uninterrupted ground paths between the two stages, require
special treatment.
One such circuit is the coupling network that is
used in transrnitting i-f signals from a preamplifier chassis to a remote
receiver.
The two chassis and the connecting cable and circuit are shown
in Fig. 10.17. The output stage of the preamplifier drives the cable
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that must be terminated (R T), otherwise reflections and undesirable loading will be experienced in this circuit.
The inductance Lz tunes the
input capacit ante of the first amplifier in the receiver strip, and L 1 tunes
the output capacitance of the last preamplifier circuit.
There are three
separate circulating currents in this strip, as indicated by the arrows in
Fig. 10.17. The first is the circulating current il through the inductance
L, and through the plate of VI to ground.
There is also a circulating
current iz in the cable and through the chassis as indicated by the arrows.
The last circulating current ia is in the input network of Vs as shown.
To insure stability in this circuiti, the three circulating currents must
be considered, and the cable connections should be such as to provide a

FIG.10.18.—Bottomviewof a receiverwithi-f amplifierbuilt in two subchassis.
good circuit for the currents on the inside of the outer conductor as well
as to prevent signals on the outside of the outer conductor from entering
either chassis. The present trend is to avoid splitting the amplifier in
thk way.
Another special case arises when there is a connection that bridges
two subchassis as that shown in Fig. 10,18. Figure 10.19 shows the i-f
current path along the ground for the returning signal. It should be
noticed that the ground current must flow along the inside of the subchassis to the hole through which the i-f lead enters, then along the outside of the subchassis to the point (or points) where the chassis is bolted
down. From there it goes across the main chassis to the other unit and
repeats the same procedure to reach the other i-f grounding point.
The
completion of the current flow is through the input and output capacitances and along the i-f circuit.
This particular type of construction is
vulnerable on two counts.
First, the very long ground return path makes

.
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this stage much more susceptible to interference and increases the area
over which coupling of chassis currents might occur.
The second disadvantage of this circuit is that the i-f currents must flow over the studs
that fasten the subchassis to the main chassis. This construction introduces into the circuit f our junctions that maintain their electrical ground
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-Spacing
studs
FIC+.1019,-The groundreturnpath for i-f signalin circuitbridgingtwo subchassisin
Fig. 10.1S.
by pressure alone. At these four points a small amount of dirt or corrosion can cause an open- or high-resistance circuit for the intermediate
frequency.
Amorereliable
circuit might result if apiece of tubing were
inserted between the two chassis and firmly connected to each. This
construction would make acoaxial junctionfor the two units and greatly

FIG.1020.-Thei nputsubchassisforreceiverinFig. 10.18.
reduce the length and uncertainty of the ground current path as well as
restrict it so that it would not flow on the outside of the subchassis boxes.
The addition of this connecting tube would complicate the mechanical
construct ion.
Two-box construction is advantageous in a complicated i-f strip,
such as the one in this receiver (see Chap. 14 for the details of the receiver).
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The construction used here is adaptable to easy modification and servicing. Itshould benoted that both subchassis units have covers that are
(See the detailed photograph of the
held in place with antirattle clips.
input box in Fig. 10”20. ) All of the power-supply and control leads are
brought into the box through button condensers which bypass the circuits
at the point of entry.
For a detailed photograph of these condensers,
see Fig, 10.22e. In these units the condenser is located between the
center piece and the outside ring. Also illustrated are the standoff condensers (Fig. 1022e) that are used in these units.

FIG. .0,21 .—

tY-c.. .---.—
A .
. .
. ..
!malltransmitter-receiver
unit withthe i-f amplifiersho m in F‘k 10 in
place.

10.9. Miniature Tubes and Components.—Unlike
the stages using
large tubes, st~ges using miniature tubes have many and varied construction details.
Here the circuit components, rather than the sockets,
determine the space requirements and construction details in the i-f
amplifier. The principles of separating circuit and noncircuit grounds
and of arranging the amplifier stages (and grounds) in a straight line still
persist.
Most of the miniature-tube i-f amplifiers have been built in strip form
and included in a larger shielded unit. The amplifier in Fig. 109 is
shown mounted in the transmitter package in Fig. 10.21. The heater

I
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circuit often uses series chokes in a progressive filter because of the convenience of mounting the chokes from stage to stage. Wiring of this
type isusedin theamplifier of Fig. 10.12.
Many of the components used in such strips are pictured in Figs.
10.22 and 10.23. Figure 10.22e shows button condensers of various

FK~.10.22.—Smallcomponentsusedin constructionof i-f amplifiers:(a) lugs; (b) coil
forms; (c) feed-throughinsulators;(d) condensers;(e) button condensers;~ fixed-tuned
coil forms; (g) fixedresistors.
types.
The next tothe last unit inthisrow
consists of four button condensers mounted in a bracket and may be used to provide all of the
bypassing fora single stage. Thesolder lugs extending out of each side
of the condenser form a continuous connection.
Fiwre 10.22b shows two
types of slug-tuned coil forms used in miniature strips. Figure 10,22a
and c shows tie-point, lead-through, and ground lugs. Figure 10.22d
shows two condensers, one of which is a high-dielectric (0.001-pf) con-
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denser. The first two componentsin
Fig. 10.22~illustrate coil formson
The next two components
which fixed-tuned inductances are wound.
are heater chokes encased in bakelit e. Two sizes of fixed resistors are
shown in Fig. 10”22g.
In constructing miniature-tube amplifier strips, the choice of condenser types is perhaps the most important item. It is a matter of choosing bet ween the button and the high-dielectric-constant
ceramic, or
“ dogbone” (Fig. 10.22d), condensers because these two are much smaller
than the regular condensers.
The “ dogbone”
condenser requires a
iittle more mounting space than the button condenser does, but it is
Also, since the condenser is mounted by
easier to replace if defective.
means of pigtails, the mechanical structure required is much simpler.
The button condensers, however, make a very neat assembly that seems
to be completely devoid of parts. The inductance in the ground lead of
the condenser is virtually zero, since the outside ring forms a large grounding surface. The feed-through construction of these condensers is excellent for bypassing and filtering circuits as they enter the box and. for
reducing some of the confusion around the tube sockets, as illustrated in
Fig. 10.24.
The chief difference between the strips shown in Fig. 10.24a and b and
the one of Fig. 10.24c lies in the different type of condenser used for
bypassing.
The first two are undeniably cleaner in appearance, but
replacement of a defective condenser is more difficult.

CHAPTER
R-F TEST

11

EQUIPMENT

BY R. D. O’hTEAL AND J. M. WOLF
11.1. Introduction. -As the operating frequency of a receiver goes up,
through vhf into microwaves, the problems and methods of testing the
The change from lumped parameters,
r-f portion change considerably.
and the introduction of coaxial line circuits, of resonators, and finally
of waveguide transmission lines all have a profound effect on the way in
which test equipment is to be inserted into the circuit as well as the type
of tests that it must make. Such special problems and the equipment
that has been designed to meet some of them will be considered in thk
chapter.
In a maj ority of receiver applications the design is such that sufficient
gain is available in the receiver to bring the output due to noise, either
external or internal in its origin, up to a point where it masks any weak
signal that may be present.
Such a receiver maybe called noise limited.
A second class, of som’ewhat less wide use, has a definitely limited amount
of gain available, thus restricting the signals that maybe received to those
above a critical level. This may be done for reasons of economy or,
more commonly, to provide a desired mode of operation in a comA subdiplete system.
Such receivers may be called gain limited.
vision of noise-limited receivers may be made according to whether the
At lower frenoise originates primarily inside or outside the receiver.
quencies and in ordinary locations, external noise will almost always be
the limiting factor.
The effects of slight deterioration in receiver noise figure on over-all
system performance will be considerably clifferent in these various cases.
Such loss in noise figures may arise from increase in attenuation of the
signal between the antenna and the receiver, from attenuation in the r-f
parts of the receiver itself, or from increase in the internal noise of the
receiver.
Consider first a nois~limited
receiver with the noise originating
largely outaide the receiver.
Any increase in attenuation between the
antenna and receiver affects both signal and noise equally, as long as it is
insufficient to let the internal receiver noise become important, and may
be compensated for completely by an increase in receiver gain. Furthermore, any increase in internal noise is unimportant as long as it is a minor
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factor in the total noise. Thus in such a situation, receiver noise figure
is relatively less important than receiver gain in determining over-all
performance.
This has often been the case in communication applications at frequencies up to 30 Me/see or so. Consider next a gain-limited
receiver.
Here, by definition, noise plays little or no role in determining
performance; accordingly an increase in internal receiver noise will have
little or no effect. Increase in attenuation, on the other hand, will make
a direct change in performance, since it can no longer be compensated for
by an increase in receiver gain. In the last category, a noise-limited
receiver where the noise originates internally, deterioration of noise figure
produces an equal deterioration in performance no matter how it arises.
This last situation therefore is the one demanding the most complete and
It is the situation that prevails in
careful check on receiver properties.
microwave radar systems.
The apparatus and techniques developed for
testing these have therefore been aimed at the most exacting conditions
likely to be encountered.
The following discussion will be written
largely in terms of radar experience, with the full realization that many
receiver applications are less exacting and that some of the specialized
techniques are not always applicable.
The term signal generator has been used to denote an instrument
that furnishes accurately known amounts of power, usually over a wide
range such as 50 to 80 db. The power output maybe c-w or modulated.
If the instrument performs additional functions, such as measuring the
power or frequency of an external source, it is usually called a signalgenerator test set.
Signal-generator test sets perform some or all of the following functions:
1.
2.
3.
4.
5.
6.
7.
8.
9.

Measure receiver sensitivityy.
Measure receiver pass band.
Aid in aligning receivers.
Aid in tuning receiver to transmitter.
Check AFC performance.
Check beacon discriminators.
Measure TR recovery.
Measure transmitter power.
Measure transmitter pulling.

The first four functions are useful in most applications, whereas the rest
are more specialized.
11.2. R-f Components.—Figure
11.1 shows in schematic form the r-f
circuit of a typical test set.1 The r-f oscillator is tuned to the required
1A more detaileddescriptionof some of the componentsused in test sets is given
in Vol. 9 of the Radiation Laboratory Series.
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frequency as measured by the frequenc~ meter,
and the power from the
r-j oscillator is varied by the attenuator or power output adjustment to
Power output of the test
give reference reading on the power meter.
set can then be read directly from the calibrated attenuator. Normally, in
measuring radar receiver sensitivity, this power is decreased until the
test signal attains a standard criterion as seen on the radar indicator.
To measure power entering the test set, the r-f oscillator is turned off,
and the calibrated attenuator is adjusted for reference reading on the power
meter.
The input power and frequency is then read directly from the
calibrated attenuator and frequency wteteT, respectively.
Trigger
in
-

*
hl;c$.

Power
supply

Power
meter

Double-line indicates path
of r-f transmission

4

1,

R-f
oscillator

.

Frequent
meter

Output

Attenuator

or input
terminals
+

F1~.11.1.—R-f circuitof typicaltesteet.
The oscillator used in a signal generator is usually the same tube type
as is used for the local oscillator of receivers in the band covered by the
particular test set. The power output adjustment may be either
mechanical or electrical but must in all cases have the f ollowing properties:
1. It must be capable of bringing the output of any oscillator tube
meeting applicable specifications to the standard reference level.
2. It must produce no appreciable frequency shift, at least within a
range of + 3 db of the reference level.
3. There must be a good impedance match looking back from the
T-junction toward the oscillator.
4. There must be sufficient attenuation between the frequency meter
and the oscillator to prevent frequency pulling.
With a negative-grid oscillator such as the 446 or 2C40, it is possible
to meet the first two requirements by changing power output by means of
plate voltage variation.
The last two requirements are usually met by
the provision of a fixed amount of dissipative attenuation between the
oscillator and the T-junction.
With velocity modulation oscillators it is
necessary to use mechanical means, such as the dissipative attenuators
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shown in Fig. 11”2 or 11“3. Attenuation is achieved in one case by moving a strip of resistive material (100 to 3043ohms per square) from the
narrow side of the guide, where the field intensity and therefore the
attenuation are small, toward the center of the guide, where the field
strength and hence the attenuation are a maximum.
In the other case,
the attenuation is changed by varying the depth to which the resistive
material is inserted into the guide. In order that the presence of this
material in the r-f line may not cause appreciable mismatch, either the
ends of the material are tapered or each end contains an appropriate r-f
transformer.

FIG. 1I.Z.—Resistiveattenuator. The attenuationis increasedby movingthe resistive
materialtowardthe centerof the waveguide.

FIG.113.—Resistiveattenuator. The attenuationis increasedhy increasingthe depthof
penetrationof the resistivematerial.
The power monitor for microwave frequencies must usually be capable
of measuring an average power of approximate y 2 mw, over the temperature range to which the set may be subjected and over the frequency
range required of the set, without appreciable error or drift and without
any tuning adjustments.
At microwave frequencies, power is ordinarily measured by its heating
effects. This may be accomplished by making use of the thermoelectric
effect or the change of electrical resistance with temperature.
The latter
is more often used. A thermistor (see Fig. 11.4) whose sensitive part is a
mixture of metallic oxides having a high negative temperature coefficient
of resistance is matched into the r-f line. It forms one arm of a Whetstone bridge which is calibrated in such a way that the power can be
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read directly by the unbalance of the bridge.
In other cases the change
in d-c power required to effect rebalance of the bridge, after unbalance
by r-f power, is measured and used to calculate the r-f power.
Measurements may be made with an accuracy of + ~ db. To prevent drift,
compensating networks may be used. Thermistor mounts can now be
made that at 3000 Me/see will present a VS WR of less than 1.5 over a
40 per cent band.
At 9000 Me/see the same can be accomplished over
a 12 per cent band.
At lower frequencies (150 to 600 Me/see), a diode voltmeter is often
used for power measurement, particularly in the case of pulse signals.
Indication maY be either on a meter or on a calibrated oscilloscope.
With

Heavy
wire
leads

FIG.11.4.—Typicalthermistorsforpowermeasurement
andtemperaturecompensation.
care, accuracies comparable to the above-quoted ~ ~ db maybe attained.
Sometimes in the past, careless construction and poor design have resulted
in considerably larger errors. Such instruments may be made quite
insensitive to changes in temperature or frequency and, if an oscilloscope
with a high-gain amplifier is used, may have good power sensitivity.
The frequency meter is usually either a cavity operating in the TEOllmodel for frequencies higher than 8000 Me/see or a coaxial cavity for
frequencies in the range down to 2400 Me/see or lower. The two types
are shown in Fig. 11.5. In test sets these frequency meters are usually
used as reaction indicators; that is, when the cavity is tuned to resonance,
a portion of the power is reflected, causing a change in power to the
thermistor and, therefore, in the meter reading.
At frequencies in the
range of 150 to 600 Me/see the resonating circuit often consists of parallel
1See for example, J. C. Slater, Microwaue Trummission,
York, 1942.

McGraw-Hill, New
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r-f lines terminated at one or both of their ends in the sides of a rectangular silver-plated brass shield box, tuned by a condenser at one end or at
the center. These as well as the two types mentioned above maybe used
as transmission meters if, in addition to the coupling by which power is
fed in, there is a second coupling to which a detector and meter may be
attached.
At resonance, power is transferred through the cavity to

Coaxial type

TEol ~- mod; cavity type

Fm. 11.5.—Frequencymeters.
the detector.
When used as a transmission cavity, the frequency meter
gives an output indication only when it is tuned near resonance, whereas
in the reaction method an output reading is obtained at all times.
The variable calibrated attenuator may be either dissipative, as shown
in Figs. 11”2 and 11.3, or of the “ waveguide below cutoff” type as shown
in Fig. 11.6. For a given size of Waveguide there is a critical frequency,
know-n as the cutoff frequency, below which signals are attenuated
Sliding cylinders

‘G
below cut-off

loop

FIG.11.6.—Waveguideattenuator.
instead of being transmitted freely. For each configuration of electric
and magnetic field within the guide, there is a particular cutoff frequency.
These configurations are known as “modes.”
The simplest modes
Signals at a frequency below
usually have the lowest cutoff frequency.
cutoff are attenuated logarithmically at a rate that is different for each
mode, the rate being least for the simplest or lowest mode.
Considerable
control may be exercised over what modes are excited in a waveguide ~Y
the proper choice of coupling means, that is, loop or probe, and by the
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placement of whatever coupling me&s is used. For a rectangular wave
guide in the lowest mode, that is, with the electric field parallel to the
narrow side, at a frequency considerably less than the cutoff frequency,
the attenuation is 27.3 db in a distance equal to the width of the guide.
Attenuation in decibels increases linearly down the guide, provided
only one mode of excitation is present. Usually, at very short distances,
other modes are present, but all except the Z’Ell-mode for loop excitation
(Fig. 11.6) and the TMO1-mode for disk excitation are very quickly
attenuated.
The dissipative attenuator has the advantage of presenting good
impedance match at each end and of having low insertion loss. Because
of the difficulty of duplicating resistance units in quantity, each attenuator must have an individual calibration.
The waveguide type has the
advantages that (1) the attenuation in decibels varies linearly with the
separation between exciting and pickup loops (strictly true only for
separations larger than a certain value), (2) it can be easily reproduced,
and (3) it. is relatively insensitive to frequency.
However, it has the
disadvantage that it presents a very bad mismatch (a waveguide below
cutoff presents an VSWR of practically infinity) requiring attenuation for
matching.
Consequently the insertion loss (the ratio of power into the
attenuator when it is adjusted for minimum attenuation to the available
power out) of such an attenuator is usually high (10 db or greater).
The range of these calibrated attenuators should be such that the
signal output may cover the range from about —10 to – 85 dbm.
This
variation of the attenuator may be achieved in two ways, continuously
or in steps. A dissipative attenuator continuously calibrated over this
wide range is difficult to design. An alternative method is the use of a
fixed attenuator, such as a directional coupler inserted in the transmission
Thus a 40-db coupler and an
line in series with a calibrated attenuator.
attenuator calibrated to about 45 db would be suitable.
The previous figures are based on the assumption that the test set
will be connected to the receiver through some 10SSYdevice such as a
directional coupler or pad offering a loss of 20 db or more. If it is necessary to couple directly into the receiver, the attenuator should be such
as to cut down the signal output to at least —105 to —110 dbm.
This is
relatively easy to accomplish with a waveguide-below-cutoff
type but
These power levels are approprioften difficult with the dissipative type.
ate for a receiver bandwidth of 1 Me/see or so. A narrower receiver
would require additional at tenuati on.
11.3. Pulse-modulated
Signal Generators.—In
order to test completely a radar receiving system the test set should furnish a pulse equal
In an amplitude-modulated
in length to that of the radar transmitter.
(pulsed) test set the pulse is usually made variable in width to accom-
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modate all radar systems in the particular frequency band covered by the
set and to permit checking of such special features as beacon discrimination. The pulse is also made movable in time with respect to the trigger
so that it can be placed in various portions of the radar scope. For some
applications, such as the testing of beacon discriminators, it is preferable
to have fixed limit pulses in addition to a continuously variable one.
Figure 11.7 shows a block diagram and Fig. 11”8 shows a schematic
diagram of a representative circuit for a pulsed-signal generator.
Two
essentials of this method of modulation are (1) the pulse must have a
fast rise time and a fast decay time (about 0.10 psec for each, or usually
S103at
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FIG.11.7.—Blockdiagramof pulse-modulatedsignalgenerator.
about one-fifth the pulse width) in order to simulate a radar pulse, and
(2) there must be inappreciable jitter in the pulse (usually less than 0.2
psec) in order to present a clean picture on an oscilloscope.
The oscillators used in these test sets usually do not generate enough
power to permit monitoring of the pulse directly by means of a thermistor
bridge.
Accordingly an alternative method must be used for monitoring.
One possibility is shown in Fig. 11.8. The oscillator is tuned to the
correct frequency, and the power level set to the correct value on c-w
operation; then, by throwing the switch to + or — trigger position, the
oscillator tube is thrown out of oscillation except during a pulse, at which
time the voltage applied to the tube is the same as the voltage applied
during c-w operation.
Although the power output is the same on pulse as
on c-w, some older sets exhibited a frequency change of as much as 3
Me/see due to thermal effects. In later models a factory adjustment of
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the divider to which the cathode is attached ensures that there are no
frequency shifts. For tubes generating relatively high power, such as
lighthouse tubes, monitoring may be accomplished by setting the power
level using a long pulse of 15 to 30 psec at a fixed recurrence frequency.
The peak power of this monitoring pulse and the pulse used will be the
same, but the frequency in the two cases maybe slightly different.
A method of monitoring pulse output directly at microwave frequencies, by measuring the change in the resistance of a bolometer element called a “ barrette,”
has recently been developed.
The sensitive
element is a very fine platinum wire. suitably mounted in the r-f line to
offer a matched impedance.
The pu!ses. resulting from the resistance
changes with each r-f pulse are amplified with a constant-gain amplifier
to a level that permits the use of a meter to measure rectified current
from a diode detector.
The variation of the resistance bears a close
analogy to the voltage developed across a parallel RC-network receiving current pulses. The time constant of the barretter is about 35o
psec. The amplitude of the pulses is independent of the repetition
p nod, provided the repetition period is long compared with the time
The amplifier used
c % ant of the barretter-amplifier combination.
must have a fairly wide band (about 10 to 300 kc/see) in order that the
pulse amplitude measurement be independent of the repetition period.
11.4. F-m Signal Generator.—Much
of the complication of pulsemodulated test sets arises from the complexity of the circuits necessary
for production and control of the modulating pulses. The possibility of
producing a high rate of frequency modulation with a reflex klystron has
led to the development of another type of test set, known as the f-m test
set, which is both simple and versatile.
The fundamental arrangement
is almost identical with that shown in Fig. 11.1, except that instead of
applying a modulating pulse to the oscillator, a sawtooth wave is applied
to the reflector as shown in Fig. 11“9a. This wave produces frequency
modulation together with change in power output as shown in Fig.
11.9b and c. Figure 11.9d, e, and j shows how the resulting output may
simulate a pulse signal in the receiver.
The width of the signal depends on the pass band of the receiver and
the slope of the sweep used to produce frequency modulation.
It is
feasible to use sweeping rates of from 3 to 6 Me/see per microsecond.
Thus if the receiver has a bandwidth of 3 Me/see a signal as short as
~ ~sec may be produced, which is comparable in length to the normal pulse
If, however, the receiver
signals ordinarily used with such a receiver.
bandwidth is considers bly greater and the normal pulse signals correspondingly shorter, it becomes impractical to sweep the test signal fast
enough to simulate the normal signal.
The schematic diagram of an f-m test set for the 10,000-Mc/eec region
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is shown in Fig. 11.10, and a photograph

of the instrument is shown in
Much of the circuit arrangement is similar to that of the
Fig. 1111.
pulse-modulated
test set. The method of indicating power output
Since the oscillator is swept comrequires some comment, however.
pletely through one or more of its modes, it is clear that a measurement of
average power during frequency modulation would be meaningless.
It
is necessary, therefore, to remove the frequency modulation by reducing
the amplitude of the sawtooth wave to zero, to set the oscillator frequency
to the desired value by simultaneous adjustment of the mechanical

LA

Time

(c)

(f)

Time

FIG.11.9.—Schemeof operationof f-m signalgenerator.
tuning and the steady reflector bias, and to make the adjustment for
As long as the mechanical
reference power level under these conditions.
tuning is not disturbed, any combination of sawtooth wave and steady
bias that brings the frequency to the desired value will also bring the
power output to the reference level, permitting direct reading of the oub
put power level on the calibrated attenuator.
It should be noted that the process of initial adjustment is much
simpler in the case of the f-m signal generator than for the pulsed signal
generator.
Whereas in the latter case it is necessary that both mechanical tuning and reflector bias be accurately set before any signal is visible
in the receiver, in the f-m signal generator it is necessary only that the
mechanical tuning be in the general neighborhood of the correct value to
produce visible signals. Thk problem of obtaining an initial indication
from the signal generator is, of course, much more serious in the microwave region where frequency bands cover hundreds or even thousands of
megacycles per second.
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Suppose, for example, that it is desired to measure the sensitivity of a
receiver that is known to be tuned to the proper frequency.
It is necessary only to connect the signal generator to the receiver, set the amplitude
of the sawtooth sweep at maximum, and vary the mechanical tuning
until a signal is seen in the receiver output.
The output signal is ordinarily displayed on an A-scope.
If, after some output signal is found,
the mechanical tuning is varied slightly, the signal will appear to move
slightly in time or range and will simultaneously vary in amplitude.
This behavior is the result of the attainment of the correct frequency
through various combinations of mechanical and electrical tuning,
The
proper setting of the mechanical tuning is the one that gives the largest

FIG 1111.-

PhotogrzpilUIi-tnsignalgenerator.

output signal, since this corresponds to operation in the center of the
oscillator mode at the desired frequency.
Ivith the mechanical tuning so set, the standardization of output po\rcr level may be made as
described above.
It is apparent that the output signal from the receirer is essentially
a cur~-e of receiver response \s. frequency.
By reduction of sawtooth
s~reep amplitude together Irith any adjustment of reflector bias necessary to keep the signal on the screen of the A-scope, the response curve
may be spread out to a width permitting easy examination.
If the \vavemeter of the test set has a sufficiently high Q, its reaction on the test-set
output }vill be visible in the receiver output in the form of a small pip at
the frequency to ;rhich the ~~avemeter is tuned.
This pip may be moved
about on the response curve by tuning the ~vaverneter and may be used,
for example, to measure the bandwidth of the recei~-er bet]veen halfpower points.
.knother use is found in checking the .4FC circuits of a
radar receiver, For this purpose, the \vavemeter is srt and allotve{l to
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remain at the transmitter frequency.
When the receiver response curve
is viewed, the wavemeter pip should then appear in the center of the
pattern.
Failure to do so is an indication of misalignment.
It should
be noted that for this and similar tests on radar systems, the radar transmitter and the test set are operated simultaneously.
The interconnections of the units must be such as to permit this simultaneous operation.
1105. Accuracy of Signal-generator Test Sets.—Inaccuracies may be
divided into two classes: (1) inherent errors in the test set and (2) reading errors.
Errors in measurement of power fed into a test set as well as errors in
power output may be due to (1) temperature sensitivityy of the attenuator
and the thermistor mount; (2) frequency sensitivity of the attenuator,
thermistor mount, and whatever device is used for taking a fraction of
power to the thermistor for monitoring power output, such as a T; and
These inaccuracies are such that measurement of
(3) error of calibration.
absolute power input, as well as power output, cannot usually be guaranteed to better than ~ 2 db over a —40° to + 55°C temperature range
and a 10 per cent frequency band at 9000 Me/see.
At higher frequencies
the frequency range will be less; at lower frequencies, greater. These
errors for a representative test set are shown in Table 11”1.
TABLE11.l.—EERORSIN A REPRESENTATIVE
TESTSET
Sourceof error

Calibratedattenuation. . . . . . . . .
Power split variationwith frequency.
Thermistorbridge effect of temperature.
Thermistormount—VSWR.
Calibrationof components.
Total . . . . . . . . . . . . . . . . . . . . . . . . . . .
Over-allerrorwith calibrationcurves.

Maximumerror
for power
output, db

Maximum error
for power
input, db

+1.5

+1.5

+0.5
+0.5

0.0
*0.5
+0.2

+1
+1.0
*4.5
*2

+1.0
~3.2
*2

In addition to the above errors, there may be additional error in
measuring receiver sensitivity due to leakage of the test signal from points
other than the output of the attenuator to the receiver either through the
This
antenna or through some of the r-f components of the receiver.
leakage is due to a design fault in the signal generator, in that components
such as the thermistor mount where relatively high level power (high
with respect to minimum discernible signal) exists, are not constructed
tightly enough to prevent leakage of appreciable amounts of r-f power.
In the case of some signal generators designed in the past, it has been
necessary to take great care to locate the signal generator in a place well
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shielded from the radar antenna and never try to make minimum discernible signal measurements with the receiver r-f components exposed.
The possible errors resulting from this leakage signal are shown in
Fig. 11.12 as a function of the ratio of leakage signal to test signal power.
The two curves represent the two extremes of relative phase between the
two
signals. In order to have
+15
less than i 0.2-db error from leak+10
age, it is necessary to have the
leakage signal at least 30 db below % ‘5
the test signal. Present tech- ~ O“
niques have not achieved a con- ~ -5
struction that cuts down leakage
-lo
to the point where the test set may
-15
be placed -in the beam of the
-30-25-20-15-10
-5 0 +5 +10+15
Leakagepower in db relative to signal power
antenna.
If leakage is suspected,
FIG. 11,12.—Possibleerrorsdue to leakage
the test set should be moved
in sensitivitymeasurements.
slightly to, see if the changing
phase causes a changing receiver sensitivity reading.
It is to be noted
that leakage errors are reduced by using a tangential signal rather than
a minimum discernible signal because of the different power levels.
Inaccuracies in frequency measurements may be due to (1) temperature changes, (2) humidity changes, (3) impedance mismatch of load
attached to cavity, (4) extraneous modes, and (5) calibration errors.
Errors due to temperature variation are usually made negligible by using
Humidity errors due to change
invar in the construction of the cavity.
in dielectric constant with change in atmospheric water content may
amount to as much as 0.04 per cent at a temperature of 55°C and 95 per
cent relative humidity.
(These are the temperature and humidity limits
set up by a joint Army-Navy
specification for test equipment.)
In
most test sets, the frequency meter is not appreciably pulled by impedance mismatches because, for other design considerations, these mismatches are rqinimized.
Extraneous modes are ordinarily eliminated in
design. Calibration errors in the microwave region are usually about
f ~ Me/see.
Ordinarily, high absolute accuracy is not required of a frequency
meter used in a radar test set. Specifications may call for an accuracy of
+ 1 Me/see at a particular frequency (usually for beacon operation) and
an accuracy of + 3 Me/see over a frequency band of 10 per cent at about
9000 Me/see and 40 per cent at about 3000 Me/see, for a specified temperature and humidity.
It is usually recommended that for precise
fixed frequency measurements at microwave frequencies, as in some
beacon applications, fixed-tuned sealed cavities with the critical parts
made of invar be used. The loaded Q of the cavity should be high enough
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so that accurate readings can be made without causing pulling but low
enough so that, as an oscillator is tuned rapidly through the natural
frequency of the cavity, a good indication is obtained.
Reading errors may be classed in two categories: (1) those due to
differences in ability among observers to determine precisely when a
certain condition exists and (2) those due to the use of improper sweep
speed, improper pulse width, etc. For the frequency meter, errors are
due to reading the indicating meter and the frequency dial. These are
obvious sources of error and normally negligible.
In measuring receiver
sensitivity, however, the inaccuracy of reading is much worse.
Routine field measurement of receiver sensitivity is ordinarily accomplished by applying the signal from a test set to the receiver, displaying
the output of the receiver on an oscilloscope, and adjusting the input
signal level so that the output indication has a prescribed appearance.
Two criteria have been used for setting the signal level: (1) the tangential
In both cases the signal
n“gnul and (2) the minimum discernible signal.
output of the receiver is compared
Signal level dbm
with its noise output, thereby giving
-30
-25
-35
-40
-45
a significant measure of receiver
performance.
The tangential signal
a
85
criterion is best described in terms
AL
:
b
of a sketch such as Fig. 18.1. The
noise output of the receiver causes
;:
c
,the horizontal trace of the oscillo-6cm
~g
(1
scope to be widened into a band with
m
e
diffuse edges. The signal appears
consistency
of
a
Internal
Mean
on this band and is so adjusted
single
observer.
value
<
from one
Repeatability
that the bottom of the band at the
observer
to another.
signal location is level with the top
FIG. 11.13.—ReProducibilityof various of the band elsewhere. The minitest-signalcriteria.
mum discernible signal, as its name
implies, is the smallest signal that the observer can see in the presence of the receiver noise. The test may be so arranged that the
signal can be moved back and forth on the oscilloscope trace in order
It should be noted that neither of
to facilitate its identification.
these criteria establishes the input signal power equal to noise power as
used in the definition of noise figure. There is, however, a relatively constant ratio between the three power levels, particularly for fixed conditions of pulse length, sweep speed, etc. Careful measurements have
been made, using a number of observers to determine the accuracy of
these methods with different types of presentation. 1 Some of the results
are shown in Fig. 11.13. Both f-m and pulse-modulated test sets were
1S. Katz, RL Report h’o. 1023, Jan. 15, 1946.
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used, as well as both criteria of signal level. It is seen that for A-scope
presentation the tangential signal is slightly more reproducible, particuIn addition, the higher signal level
larly from one observer to another.
On the other hand, the criterion
involved reduces troubles from leakage.
is applicable only when an A-scope display is provided.
11.6. Noise Generators.—It
has been possible to build r-f noise
sources that may be used to measure the sensitivity of a receiver at 3000
Me/see.
So far, for field use a single-cavity velocity-modulated
tube
operated with the reflector connected to the cavity to prevent oscillation
has been used. Simple considerations based on shot effect indicate that
the noise power P. is proportional to lBB, where ~B is the beam current
and B is the noise bandwidth.
The proportionality factor takes into
account the efficiency of the grids and the effects of transit time. The
noise generator is calibrated against a laboratory-type signal generator
and presumably will hold its calibration for long periods.
With tubes manufactured over a year ago and evacuated for 2000
volts, the linear relation between beam current and power output has
been found to hold well, and calibrations remain constant over a period of
many months. 1
The noise generator has the following advantages:
1. It operates at a low r-f level and therefore presents little or no leakage problem.
2. It requires no complicated r-f circuits.
3. It is small and simple to operate.
4. It is capable of very precise measurements.
It has the following disadvantages:
1. It has such a low-power output level that power must be fed
directly into the receiver line in order to gbt sufficient indication,
which means either using an r-f switch or breaking into the normal
line.
2. Correction must be made for receiver pass band if this pass band
is very wide (unless new noise generators are designed having a
pass band wider than the 2 or 3 Me/see that is characteristic of
present ones).
In use the receiver gain is adjusted until a convenient reading due to
receiver noise is obtained on a meter connected to the second detector
output.
If sufficient noise from the noise source is then added into the
receiver line until the meter reading indicates twice the previous power
reading, the beam current (read on another meter) passing through the
1However, tubes of later manufacturepumped for only 1000 volts have often
not exhibited this linear relationshipand have not maintained calibration reliably.
This might be accountedfor by the irisufficientevacuation.
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noise source gives the noise power output from which the over-all receiver
noise figure may be obtained directly.
Echo Boz.—Although
primarily a radar development,’ an echo box,
where applicable, is a versatile and useful piece of test equipment for the
frequent periodic checks necessary to maintain the performance of a
receiver at its peak. To permit its proper use, certain features of the
receiver design must be chosen in a definite way. An echo box is a
tunable resonator of high Q which is loosely coupled to a radar system
in such a way that transmitter pulses set up transients whose maximum
amplitude is proportional to the energy in the radar pulse. The transients decay exponentially, giving rise to a diminishing signal called
The point at which this signal disappears into noise on the
“ringing.”
radar indicator depends on the initial amplitude of the transients and on
the receiver noise level. The duration of this echo-box signal, usually
about 40 or 50 psec, is called “ ringtime. ” The ringtime is proportional
to radar performance and is measured in practical units of radar range.
11.7. Miscellaneous Equipment.
Crystal Checker.—A crystal checker
saves time in trouble-shooting and also is very useful in sorting good from
bad crystals in supplies of used crystals.
By testing a large number of
mixer crystals, a statistical correlation has been found between the r-f
characteristics of the crystal and the following d-c properties:
1. Front resistance.
2. Back- to front-resistance ratio.
3. Back-current under constant voltage.
These measurements can be made simply and quickly.
However,
results are not infallible.
In the case of X-band crystals, a few per cent
of bad crystals may be accepted, although these are not more than 1.5
db worse than those which fulfill the acceptance test. The checker
cannot be depended upon to distinguish very good crystals from those
which just pass the specification limit.
Spectrum Analyzer.—It is often convenient in trouble-shooting to
have a panoramic picture on an oscilloscope presenting the spectrum of
This electronic analyzer also may be
the transmitter and LO outputs.
used to check mode peculiarities such as tuning discontinuties in LO
It is often used in AFC alignment and troubletubes and LO “jitter.”
shooting.
The electronic spectrum analyzer normally consists of an electronically-swept oscillator sweeping through a range of 40 to 100 Me/see, a
narrow-bandwidth i-f amplifier (50 to 125 kc/see), and an oscilloscope
indicator whose horizontal sweep is synchronized with the sweep applied
1See Radar System Eng~neering, Vol. I, Radiation Laboratory Series,for a more
extended discussionof the echo box.
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to the oscillator.
A block diagram of such an analyzer is shown in Fig.
11.14. A frequency marker usually is supplied by a high-Q frequency
meter. Electronic markers separated by 1 or 2 IMc/sec are sometimes
supplied.
Usually the receiver has high gain; therefore, an attenuator
that may or may not be calibrated may be used to provide a wide working
range for the analyzer.
Equipment for Meosuring Standing Waves.-The
principal purpose f or
this equipment is to measure the VSWR and sometimes the loss of r-f
line components.
Attenuatorfl
mixer
~ Crystal

1N23

n

II
Frequency
meter

0---––
Local
oscdlator
tuning

0-------Frequency
spread
o---–-–
Sweep rate
1’ l-f amplifler.
~W;~~q’V,deo
$-Video ampllfler

2
Mixer current

Dlfferentlator

FIG.1114.-Block diagramof spectrumanalyzer.
Standing wave equipment

may consist of any one of the following:

1. A slotted section with a sliding probe moving over a distance of
greater than ~ wavelength, together with a suitable detector.
2. A device such as a waveguide squeeze section or movable dielectric
causing a phase shift of the standing wave past a suitable fixed
detector.
3. A bidirectional coupler with a detector.
A suitable detector for the latter must have an attenuator, since
ordinarily there is considerable power-level difference between the
incident power and the reflected power.
A word of warning should be
given against the indiscriminate use of bidirectional couplers.
Errors
may result from
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1. Poor directivit y in the coupler coupling out reflected power.
2. Calibration of the two couplers.
3. Attenuator calibration.
The errors contributed by Item 1 maybe seen from the following example.
If the directivit y is 32 db, a VSWR of 1.20 may be measured as 1.26 or
1.16; but if the directivity is 20 db, the same VSWR of 1.20 might be
measured as 1.0 or 1.5.
Power Meters.—A sensitive power meter (about 2 mw full scale) is
useful in r-f trouble shooting, for it permits measuring of LO power,
Also such a power
although, indeed, this may require a special adapter.
meter may be used as the detector for VSWR measurements with either
a slotted line or bidirectional coupler.
Power meters ordinarily consist of (1) a power-measuring head and
associated circuit which is the same as that used in signal generators and
discussed above and (2) a calibrated attenuator to extend the range of
the power head.
1108. Coupling R-f Test Equipment to the Receiver. —Receiver testing
requires that means be provided for coupling the test equipment to the
receiver.
Since the quantitative
measurements made are no more
dependable than the coupling device used to link the test equipment to
the receiver, particular attention must be paid to the selection of an
In general any coupling
adequate coupling device for each application.
device should have the following properties:
1. It should provide sufficient attenuation to permit measurements of
receiver sensitivity.
This means that with most signal generators
the coupling device must contain at least 20 db of attenuation.
This is in case the smallest test signal is – 85 dbm, and a con-..,.4
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to the coupling device.
The coupling device then reduces the test
signal to —109 dbm.
Since the c-w signal equal to noise is seldom
better than – 100 dbm even for the best receivers, the value of 20
db is adequate.
(The ~eceiver bandwidth is assumed to be at
least 1 Me/see.)
2. The attenuation of the coupling device must be known accurately.
It is current practice to specify that the accuracy shall be ~ ~ db.
Otherwise, absolute performance measurements cannot be made.
3. The attenuation of the coupling device should not vary appreciably
with frequency.
4. Both the input and output of the coupling device must present a
good impedance match; otherwise there may be appreciable error
due to resonances between either the test equipment and the
coupling device or the coupling device and the receiver.
In the
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latter case the VSWR should practically always be less than 1.2,
and usually it is easy to keep it under 1.1. In the former case a
higher VSWR can be tolerated, since usually a cable with some
loss is used to connect the test equipment to the coupling device.
In no case, however, should the VSWR be greater than 1.5.
There are two general classes of coupling devices for radar receivers:
(1) the type that is normally used for measurements of both transmitter
power and rece ver sensitivityy. These are “ sampling” devices, taking
only a fraction of the power for measurement purposes but not interfering
with the main flow of power in the system.
(2) The dissipative attenuating pad type which is inserted directly in the transmission line between
In this case any flow of power must pass
the antenna and receiver.
through this dissipative attenuator, and so the normal functioning of
The former type might be used to
the receiving system is impaired.
make tests during normal operation, but the latter type could not.
Examples of the first type are (1) line probes, (2) pickup antennas, (3)
directional couplers.
Examples of the second type are (1) lossy cable,
(2) metallized center-conductor coaxial attenuators.
A probe in the r-f line between the antenna and receiver has serious
disadvantages which limit its application as a coupling device for receiver
performance measurements.
These are
1. Lack oj reproducibility.
Insertion of a probe is extremely critical,
coupling may change if the probe is removed and replaced or if it is
adjustable or mechanical y loose. Also, unless individually calibrated, only relative measurements of receiver performance are
possible.
2. Frequency sensitivity. Even relative measurements with a probe
are unreliable, since the coupling depends on the position of the
standing-wave pattern in the line.
3. Main-line reflection. The VSWR set up by a probe may be
difficult to match.
4. Poor match at test point. The VSWR looking into the test point
usually is high in the case of probe coupling; this contributes to
the frequency sensitivity of power measurements.
5. Power split. When a test signal is inserted into a line by means of a
probe, the po~ver split depends on the relative impedances of the
line in each direction from the probe.
Only if these impedances
are unchanging can the power delivered to the receiver be depended
upon.
l-arious

objections.

have been contrived to obviate some of these
Inserting the probe into the TR cavity tends to reduce fre-

expedients
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Using double probes appropriately
quency sensitivity of coupling.
spaced also reduces the influence of standing waves, since these affect
the two probes in a compensatory manner.
A pickup antenna taking the form of a horn or dipole has one major
advantage as a coupling device.
When placed in the antenna pattern,
a test point is provided at which the entire receiving system including
the antenna can be checked.
This is of some importance in the case of
a very long transmission line.
Since coupling has to be constant, it is essential to provide a suitable
bracket to fix the pickup unit in a reproducible location with respect to

FIG.11.15.—Directional
coupler.
the antenna.
A given pickup unit fixed in relation to the antenna can
be calibrated against a directional coupler in the line. A serious disadvantage of antenna coupling in the case of systems with long lines is
the inconvenience of transporting test equipment to the test point.
A directional coupler is the most convenient and reliable of the
It consists of a short section of r-f transmission
coupling devices listed.
line with. a section of secondary line attached.
One or more openings
between the sections allow power to be coupled from one line to the other.
A matched probe in the secondary line feeds the test point—a type N
fitting in many designs.
Directional couplers are designed to couple to
waves traveling in one direction in the main line and to discriminate
against those traveling the other way. The device is installed so as to
couple preferentially to the wave proceeding from the transmitter and to
discriminate against the reflected wave from the antenna.
Coupling is

SEC.11.8]

COUPLING

R-F TEST EQ lJIPMENT

TO THE EECEI VER

299

therefore independent of the standing-wave pattern in the line. This
unidirectional characteristic is illustrated in Fig. 11 15 showing a “ twohole” design in which two holes (waveguide beyond cutoff) in the narrow
side of the guide, spaced an electrical quarter wavelength apart, provide
coupling.
The components of the forward ~vave coupled through each
hole arrive at the test point in phase. Power from the backward wave
coupled toward the test output travels effectively ~ wavelength farther
through one hole than through the other; since the waves are 180° out
of phase, they cancel and no power from the antenna reaches the test
point.
Power coupled from the backward wave in the opposite direction
is absorbed by the termination placed at the opposite end of the secondary
line. To ensure that the coupler discriminates as much as possible
against the backward wave, the resistive material used for a termination
must be well matched to the secondary line. Coupling depends only on
the dimensions of the coupling apertures.
The coupling of a given unit
does not vary from day to day.
Constancy of coupling from one unit
to another depends on the manufacturing tolerances.
NIost designs can
be manufactured with coupling tolerances held to ~ 0.5 db or better.
Although there are many possible designs for directional couplers,
there is more uniformity in the electrical operation of various designs
than in their physical appearance. 1 The unidirectional characteristic
of each type depends on coupling by at least two paths or two processes
in such a manner that there is constructive interference of power flowing
in one direction in the secondary line and destructive interference of
power flowing in the opposite direction.
Coupling to both magnetic
and electric vectors, coupling on opposite sides of the waveguide center
line (where fields are opposite), coupling at different locations along the
primary line-all
are used to achieve this unidirectional effect.
Directivity is a measure of the unidirectional property of a coupler
and is the ratio (expressed in decibels) of the coupling to the forward wave
to the coupling to the backward wave in the r-f line. A minimum directivity of 15 db is adequate for many applications.
Other requirements of a directional coupler are that the VSWR introduced in the main line must be low. With available designs, VSWR set
up in the main line by the presence of a directional coupler can easily
be made 1.05 or less. The VSWR looking into the test point is the result
of the combined effects of reflections from the coupling holes, the terIt can and should be
mination, and the waveguide-to-coaxial
adapter.
made less than 1.5; for if it is high, measurements tend to be frequency
sensitive.
1See R. J. Harrison,RL Report No. 724, Dec. 31, 1945,for a detailed discussion
of the theory and designof directionalcouplers.

Directional couplers can he made that will show less than t +dh
variation orer a 12 pcr cent frc,[luency band at about 10,000 JIc1 sec.
Connecting to the Coupling Derice.-Propcr
connection to the test
point is as important as the coupling device itself. l’he desired accuracy
of carefully calibrated test equipment cannot be achieved if a large element of uncertainty is int,rodurrd by the connecting cable (patch cord)
that links the test set to the directional coupler test point.
The nominal
attenuation should not be relied upon because of small differences between
cable samples.
For such lengths, variation clue to temperature and frequency sensitivity may also contribute appreciable error. Long cable
runs between the test point and test equipment should be avoided, since
reliable performance measurements cannot be made in such cases due to
temperature and frequency sensitivity of the cable.
N[uch of the variation in cable attenuation is due to fittings.
This is
particularly true for extremely short lengths of cable (less than about
3 ft).
Even the best fittings (such as the improved type A- connectors
recently put into manufacture) are responsible for some reflections that
may add or cancel depending on relative phase. Losses due to fittings,
therefore, vary with frequency, especially \rhen the cable attenuation is
low. When an additional reflection is introduced by the mismatch of
the test equipment input or by the mismatch of the test point, the frequency sensitivity of the coupling is increased.
In general, at least 1.5-db
attenuation in the connecting cable is needed to minimize the undesired
frequency sensitivity.
Damaged connectors can also seriously increase
These considerations militate against the use
the frequency sensitivity.
of very short cable lengths for attaching r-f test equipment to a radar
test point.
In some cases it ~~illbe advantageous to connect the test equipment to
the test point by means of flexible \vaveguide. The flexible character of
this waveguide is meant to accommodate some bending and vibration bllt
not the attachment of a test set at awkward angles.
Precautions regarding too sharp bending apply to flexible cable as
well. Three inches is about the minimum radius of bend tolerated by
present construction.
Sharp bending behind a fitting is especially undesirable.
Although mechanically sound in appearance, cables may be
damaged electrically.
For special cases directional-coupler-type
pads may be connected
directly to the test set (preferably guide-to-guide connection) with the
secondary output connected directly to the receiver line. The principal
disadvantage of such a scheme is the mechanical inflexibility.
This may
be alleviated by using very short lengths of good flexible waveguide.
11.9. Design Considerations to Facilitate Testing and Alignment.—
Wherever possible the receiver designer should facilitate testing and
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servicing of the receiver.
This involves inclusion of test points, placement of parts to make replacement easy, standardization of components
to simplify replacement, and breaking the receiver into accessible and
readily removable packages if this promotes ease of servicing.
The test equipment required for maintenance must be considered at
Required test points must
an early stage in the design of the receiver.
Necessary test equipment
be available at locations that are convenient.
must be provided for and, where feasible, built in, for the advantages of
built-in test equipment often are considerable.
For radar systems, rather
comprehensive recommendations have been formulated, which may often
prove useful in other designs.
Test Points. -Most
or all of the following circuit and r-f test points
should be provided in convenient locations with standard input-output
fittings:
1.
2.
3.
4.

Directional coupler (uni- or bidirectional).
Video output.
Appropriate voltage test jacks or meters for crystal.
AFC discriminator output—for systems that provide for dis=
criminator tuning.
5. Additional points—for checking various critical voltages and waveforms (such as triggers and gates) and for use with special equipment peculiar to the particular system.

In addition, some of these test points may be required at more than
one place. For example, in a system with a long r-f line, some duplicate
points must be provided at the antenna.
The importance of locating
test points so they will be readily accessible when the equipment is
installed cannot be overemphasized.
Built-in Test Equipment. —Mostj or all, of the Following types of test
equipment can be built into a receiving system:
1.
2.
3.
4.
5.
6.

Echo box (for radars).
Signal-generator test set.
R-f noise source.
Crystal checker.
Frequency meter.
Test oscilloscope.

Certain special considerations applying to the design of test equipment that is built into a system are
1. Echo box. The simplicity of operation of an echo box as a radar
yardstick for field measurements and its versatility which implements
trouble-shooting are advantages that strongly recommend it as a builbin
1See CasesJRB-2@25 and JRB-20-2%
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component of all radar systems to which it is applicable.
The echo box
should be located where the cavity tuning mechanism is readily accessible
or else be remotely controlled.
The weight of present production echo
boxes varies from 8 to 18 lb. A feasible future design objective is 4 to 8
lb. About ~ ft’ of space is required for installation.
2. Signal-generator test set. It is advantageous to have built-in
signal generators when receiver performance must be known and maintained very accurately.
General-purpose semiportable (25 to 50 lb)
signal-generator test sets are now available.
However, a considerable
saving of weight, often a saving in complexity, and always an increase in
accuracy can be effected by building in the signal generator either as a
separate box attached directly to the r-f line or as an integral part of the
r-f head. In either case the power for the set can be supplied by the
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power supply for the system.
Usually provision will be made both for
f-m and c-w operation.
Power must therefore be supplied for the test
oscillator tube and the power meter (if a thermistor is used), and a sweep
must be furnished for frequency modulation.
Since the test oscillator
tube ordinarily is the same as the radar local oscillator, the same power
supply can be used but, of course, must be capable of furnishing the extra
power. Regulation must ensure that under all conditions of line voltage
variation there will be less than O.lB lIc/sec (B is receiver bandwidth)
frequency shift between the local oscillator and test oscillator.
The
sweep should be supplied from one of the scope sw.eeps normally used.
The rate of change of voltage should be about 1 volt per microsecond.
.1
sketch of the plumbing scheme used in one broad-band built-in signal
generator is shown in Fig. 11.16. In general, wherever possible, directional-coupler-type
plumbing should be used. By using proper design,
test-set plumbing usually can be fitted into waste space in an r-f head.
However, this may not always be desirable, since it usually necessitates
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remote controls,
It is often preferable to have the unit located somewhere between the r-f head and antenna, where all controls can be reached
easily. In any case the built-in signal generator should be part of the
r-f line, since one of its advantages is that it eliminates cable errors that
may occur in the use of most test equipment.
A dkectional coupler always should be furnished in addition to that
contained in the built-in test set, so that the calibration of the built-in
set can be checked occasionally and so that other equipment may be used.
Present production built-in test sets weigh between 15 and 20 lb. A
feasible future design objective is 10 to 15 lb. About ~ ftf space is
required.
3. A built-in r-f noise generator requires special coupling such as an
r-f switch to permit direct connection into the receiver line. This measures only the receiver noise figure and has the limitations previously
enumerated.
A built-in noise generator together with the switching
arrangement will weigh from 15 to 25 lb ancl OCCUPY
a space of about ~ ft3.
4. Crystal checker.
A simple d-c crystal checker can be built into
the receiver using a meter that may be on the panel for another purpose,
Leads can be connected permanently to the crystal mount.
Thk. facilitates trouble-shooting,
since the crystal need not be removed from the
system for checking.
The weight and space required are negligible.
5. Frequency meter. Fixed cavities are sometimes used as filters
or as AFC cavities.
6. Test oscilloscope (particularly f or radar application).
Some radar
indicators are installed a considerable distance from the r-f head. In
such cases, r-f tuning and trouble-shooting require two people unless an
auxiliary A-scope is available near the r-f head. 1 Other systems give
only PP1 presentation.
To realize the full advantage of an f-m signal
Also, for best accuracy, echo-box
generator, an A-scope is required.
ringtime should be read on an A-scope.
A suitable test scope can be
provided at a cost of #v to t ftc of space and 10 to 20 lb. It should have a
sweep of about 5 miles and any other sweeps deemed advisable for the
particular system.
It should also be provided with some device for
accurate ranging (echo-box use).
weight and Space Requirements. —Most
test equipment can be made
sufficiently light and compact to meet all reasonable demands.
Feasible
design objectives were enumerated above in certain specific cases. Some
items currently available leave much to be desired in this regard, but
test-equipment design has reached the point where accuracy and reliability of operation no longer need be sacrificed in order to comply with
Also with built-in equipment, weight
space and weight requirements.
1To facilitatetuning and testing it is advantageousto locate separateLO reflector
voltage and i-f gain controls at the r-f head near the test oscilloscope.
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often can be saved by the elimination of special packaging, plumbing,
power supply, ete.
Frequency Cooerage.—rl’he frequency coverage of an item of built-in
test equipment often can be narrolver than is usual for that type of
Some receivers are
instrument when designed for general application.
confined to rather narrow frequency bands, such as 100 iVIc/see, but most
test sets now available are designed for about 1000-hIc/sec
bands.
If
the test equipment is designed for the narrow band alone, certain design
problems may be simplified.
Calibration of variable attenuators, pads,
and insertion los$es is more accurate; test-set plumbing may be simplified;
echo-box tuning can be made more uniform; basic echo-box design is
simplified in that longer-ringing (higher-Q) cavities are possible; and in a
few instances, the operation of narrow-band test equipment is simpler.
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EQUIPMENT

BY E. DURAND AND Y. BEERS
12.1. General Considerations.—A
considerable part of any of the
receivers under discussion here is made up of circuits operating at intermediate or video frequencies.
Apparatus and methods for testing these
circuits are quite different from that used in the r-f portion or for over-all
tests. At the same time, the special requirements on transient response
and noise figure have resulted in modifications and refinements of the
methods and equipment as compared with those previously used in this
frequency range. The characteristics of the i-f and video portion of the
receiver that are of interest may be listed as follows:
1. Over-all gain. This is the ratio between the signal power developed
across the output load impedance and the signal power at the
amplifier input and is usually expressed in decibels.
2. Bandwidth and bandpass shape. The bandwidth B is usually taken
to be the interval between the two frequencies at which the amplifier output power has fallen to half of its maximum value, the input
power being held constant.
The bandpass shape is essentially
the curve of amplifier power (or voltage) output as a function of
frequency for constant input power.
In addition to changes in
amplitude response, there are changes in the phase of a signal as it
passes through the amplifier, and these also vary with signal frequency.
The amplifier phase response is important in determining
the response to transients (that is, to pulses); but-owing to technical difficulties, it is seldom measured as such.
3. Pulse response. Although in principle the exact response of an
amplifier to any transient can be predicted from a knowledge of
its amplitude and phase responses, it is usually far easier to measure
the transient response directly.
In addition to effects on the shape
of the output pulse, one should note whether there is any black-out
or other aftereffect on the receiver performance, that is, whether
or not the receiver will deliver full normal performance for one
signal received immediately following another (strong) signal.
4. Overload characteristics.
The wide dynamic range of signals to
which radar receivers are subjected imposes strict requirements on
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the behavior
of all circuits
at signal levels much in excess of the
Certain
value required to produce full output from the receiver.
of the pertinent features have already been discussed in Sees.
6.11 and 9.3.
Although this information is not
Individual stage performance.
needed as an end result, it is often useful in obtaining a desired
over-all characteristic.
Dependence on tube selection. In any lot of tubes of a given type
there is necessarily some variation in transconductance and interelectrode capacitance.
Itisnecessary todetermine ~vhether or not
the shape of the amplifier pass band will be distorted too much
and whether or not gain will be adequate under the worst conditions permitted by tube specifications.
Stability. The most important source of instability is regeneration, or feedback, which causes the passband shape to change with
change in gain and in extreme cases may result in oscillation of the
amplifier.
Other stability factors are the effects of line voltages
and of age.
Noise jgure.
This is the ultimate measure of the abilit}. of an
amplifier to detect weak signals.

To make any one of these measurements it is necessary to have (1)
a device for generating signals of the appropriate type, which may or
may not have all the refinements ordinarily associated with a conventional
signal generator, (2) means for coupling into and out of the receiver under
test, and (3) means for measuring or displaying the output of the receiver.
DEVICES FOR PRODUCING SIGNALS
12.2. Swept-frequency Signal Generators. —These are used primarily
In a typical setup,
in amplifier alignment and bandpass determinations.
as shown in the block diagram of Fig. 12.1, the f-m generator frequency is
periodically swept across a band of frequencies at some a-f rate. Either
the sweep may be a sawtooth, with a rapid flyback to the starting frequency, or it may be smooth, sweeping first up in frequency and then
back.
It is important that the amplitude of the signal from the generator
A synchronized voltage sweep is
be constant over the swept band.
simultaneously applied to the horizontal plates of a cathode-ray oscilloscope in such a way that a given horizontal position of the CRT spot
corresponds uniquely to a single frequency, regardless of whether the
sweep is from low to high or from high to low frequency.
The relation
between spot position and frequency should be as linear as possible.
The output of the circuit under test, suitably rectified, is applied to the
vertical plates of the oscilloscope.
Response curves so traced for typical
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amplifiers are shown in Fig. 12”2, and similar curves will be shown in
other figures in the chapter.
The frequency modulation may be generated electronically, by means
of a reactance tube or by varying the reflector voltage of a reflex velocity-

L=@d
Detector

Horizontal
sweep
voltage

Oscilloscope

FIG.12.1.—Blockdiagramof testsetupusinga swept-frequency
signalgenerator.
modulation oscillator, or it may be generated mechanically by some device
that alters either the inductance or the capacity of the oscillatory circuit.
Reactance tube generators are commercially available but operate only
in the lower frequencies and generally cover only a narrow band.
Very wide-band coverage together with band-center tunability
may be achieved by using a beatfrequency generator.
The output
of an electronically or mechanically swept microwave oscillator is
Frqeuency marker “pip”
~
mixed with the output signal of
+
another microwave oscillator separated from the first by a suitable
frequency difference.
The band
center of the beat output signal
may be shifted by retuning either
oscillator.
If more power is de(c)
(d)
sired, a carefully designed wideFIG.12,2.—Typicalresponsecurvesobserved
band amplifier operating at the
witha sweptf-m signalgenerator.
beat frequency may be added.
The generator most widely used at the Radiation Laboratory depends
on a motor-driven variable condenser, with a single oscillator operating
in the desired frequency range. As originally built, constant amplitude
was achieved through the use of a limiter stage following the oscillator.
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Recent experiments have shown, however, that although the limit~r
ensures a constant peak-voltage output, the fact that strong harmonics
are present in varying amounts over the band results in variation of the
amplitude of the fundamental component of the signal, and the observed
pass bands do not have the true shape. Constancy of output is usually
checked by applying the generator output directly to a crystal rectifier
and noting flatness of response on the trace on the oscilloscope.
Because
of the fact that with harmonics, the positive and negative peaks of the
modulation envelope are not in general equal, when the crystal is reversed
in its mount a different output signal is obtained, and the previously
observed apparent. flatness of output disappears.
In the latest Radiation Laboratory design, therefore, constancy of
amplitude is maintained by means of an automatic gain control that
adjusts the transconductance of the oscillator tube accord~ng to the output amplitude.
This type of amplitude limitation results in operation
over a fairly linear region of the tube characteristic, so that the output
signal is relatively free of harmonics.
A complete schematic diagram is shown in Fig. 12.3. The oscillator is
a twin triode type 6J6 in a conventional push-pull Hartley circuit.
Frequency modulation is accomplished with a special condenser whose
rotor plates are driven at 1800 rpm by a synchronous motor.
Outlines
of the plates and the electrical connections are shown in Fig. 12.3. Note
that the two halves of the rotor are insulated from each other and from
ground. The unit consists essentially of two condensers in series, and
the capacity used is that existing between the stator sections.
Thus,
when the stator plates are aligned with the rotor plates, the capacity is a
minimum; when they are at 90°, it is a maximum.
A complete capacity
cycle occurs twice per shaft revolution, so that the frequency is 60 cps.
For each revolution of the shaft, the same value of capacity appears four
times. It is important that the four angles involved be accurately complementary and supplementary so that the four corresponding spot positions may be fused. A high degree of mechanical symmetry is therefore
needed.
For the gain control, a signal from one of the grids, from which the
output is also taken, is applied to a diode rectifier. The resultant
negative output is fed back through a cathode follower to determine the
bias on the grids of the two sections of the oscillator.
A single tube,
a duplex-diode triode type 6AQ6, serves both functions.
When the circuit under test has appreciable response over the entire
swept range, as is often the case when a single stage is being examined,
it is hard to tell where the baseline, or position of zero response, lies (see
Fig. 12.2b). To overcome this dfficult y, a baseline marker circuit is
arranged to turn ofl the oscillator during one of the four half sweeps in
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e~ch rotation of the shaft. For this purpose, a multivibrator is used.
The plate of cathode-follower
gain-controlling
tube is fed from one
of the multivibrator plates so that when that section is conducting,
the oscillator grids are carried beyond cutoff, effectively reducing the
output power to zero. When the same section is nonconducting,
however, the gain circuit functions normally.
The free-running period of
the multivibrator
is about 30 cpsj and the grid return resistors are
unequal, so that one phase is about three times as long as the other.
It is synchronized to the frequency sweep by a signal taken from the
horizontal sweep.
Several marker devices may be used to tell the operator the relation
The simplest is a passive or absorpbetween spot position and frequency.
tion marker and consists merely of a tunable high-Q circuit loosely coupled
to the oscillator.
This absorbs some energy from the circuit at the resonant frequency and produces a small dip at the corresponding point on
the trace.
It suffers from two drawbacks.
(1) It is hard to detect
when the output amplitude is low, notably in the determination of the
crossover frequency of a discriminator; and (2) if the limiter circuit is
really effective, the dip will be wiped out. The effects of such a marker
as well as the two markers mentioned below on the oscilloscope are
illustrated in Fig. 12.2.
The second device is the active marker, which is simply a low-powered
tunable oscillator that beats with the swept oscillator to produce an
indication at the point where the two frequencies are nearly equal. This
likewise is hard to detect when the output amplitude of the circuit under
test is low.
The final device, used in the generator of Fig. 12.3, is the blanking
marker. A small amount of energy is coupled from the oscillator into
the high-Q tunable circuit connected to the grid of one half of a 6SL7.
This tube, being connected as an infinite-impedance detector, offers little
loading, so that a considerable positive voltage is built up at resonance.
As the oscillator frequency is swept past this point, therefore, a short
positive pulse is generated.
This pulse is fed into an amplifier to produce
a large negative pulse which may be applied to the intensity-control grid
The sharpof the CRT to cause a momentary extinguishing of the beam.
ness of this blank spot may be increased by having the amplifier biased
beyond cutoff so that only the tip of the pulse is effective.
This type of
marker will produce a clear indication even when the response of the
circuit under test is zero and is accordingly definitely superior to the other
markers.
The capacity variation with angle is such that the frequency variation is crowded at the high-frequent y end of the sweep. This may be
offset by making the horizontal deflecting sweep slow at one end and fast
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at the other.
I’o obtain such a sweep, a sinusoidal wave is applied to a
pentode amplifier which is so biased that it is carried from a region of
low g% to one of high g~ by the signal on the grid, thereby distorting the
input wave into the desired shape. A phase-shifting network with coarse
and fine controls is provided so that the upsweep and downsweep in frequency can be made to coincide on the oscilloscope.
The power supply uses VR-tube regulation for the sweep-amplifier
screen and for the negative supply for the gain-control circuit.
12.3. Video and I-f Pulse Generators.—Although
many of the properties of amplifiers can be determined from measurements with c-w generators, their response to transients can best be measured with pulsed signals.
In radar work the typical signal pulse is short, flat-topped,
and rectangu..
lar, as illustrated in Fig.- 12.4
Parts (a) and (b) are idealized
video and i-f pulses respectively,
and (c) and (d) show the pulse
(u)
shapes that are realized in practice.
A good pulse generator should
have as short a rise and fall time
as possible, and the regions at the
top and after the end of the pulse
should be flat and free of [twig(c)
gles. ” There should be no frequency modulation during
the
pulse.
[d
Secondary properties of good
FIG.12.4.—Idealizedandactualvideoand
pulsers are (1) constancy of the i-f pulses. (a) Idealvideopulse;(b) ideali-f
pulse; (c) actual video pulse; (d) actuali-f
pulse output amplitude and shape
puhe.
with change of line-voltage-. ~ulserepetition frequency (PRF) or output loading, (2) good shielding, and
(3) wide range of available pulse lengths.
If the pulses are initiated by a trigger from an external source, they
should be free of jitter; that is, the delay between the start of the initiating
pulse and the start of the output pulse should be constant.
In sel,synclwonized pulse generators, there is normally a trigger source for
initiating operations in external equipment; these triggers should start
quickly and rise rapidly and likewise be free from jitter with respect to
the output pulse.
The pulse generator to be described was designed and built at the
Radiation Laboratory.
It contains not only a pulsed i-f oscillator but
also two video pulse generators which actuate the i-f section.
Figure
12.5 is a block diagram of the complete generator, and Fig. 12.6, a complete circuit diagram,
It is divided into four sections: (1) power supply,
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(2) short-video-pulse generator, (3) long-video-pulse generator, and (4)
i-j-pulse generator.
provides
+400,
+ 195, and – 150 volts,
“Powe~ Supply .—The supply
S’hort-video-pulse Generator.—Operation of this circuit is as follows.
A positive trigger applied to the trigger shaper, a gas-tetrode Vl, causes it
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FIG.125.-Block diagramof pulsegenerator.
to break down or fire. Because C, prevents any sudden changes in plate
potential, the breakdown results in the appearance of a sharp positive
trigger at the cathode.
This trigger is coupled in a way that will be
considered later to the grids of the two gas-tetrodes V1 and Vs,, which
are the actual pulse generators.
Before the appearance of the initiating
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i rigger, these tubes arc noncond~lr’ting, because of the him voltages on
their grids. The cathode of 1’, and the plate of 1’, are held at ground
potential l)y I{,, and It, and R, hold the plate of 1’, at about +250
volts. Wll(nV,f ires,itsc ath(>(lcr iscsabr(lptly,c ausingthes tartof
the
artual pulse and simultaneously providing plate I’oltage for V5.
Simultaneousl~’, the pulse from the cathmle of V, is applied through
R, to the ctmtrol gri(l of V,. The rise of voltage on this grid is exponcut ial, because of I?Z and the shunt capacity C~ and grid-to-ground
capacity of Vs. ‘l%e amount of I)ias on this grid is set by the pulselenqll~ adjus(rnmt 1{:, so that the time at ~vhich the grid voltage reaches
the firing point may be Yariml. There is thus an adjustable delay
lwti~ecrl the firing of VI and that of V,.
‘l’lie firing of J’s mar ks the cud of the pulse because it results in the
p,,tcnti:d at the plate-cathode junction of V Sand Vi being brought down
:~l~ruptly nearly to ground potentitil.
.in approximately rectangular
positive pulse is therefore gcnrratcd at this junction
,Xot,c th~t IL’1, in conjunction \\ith the total stray capacity between
the c(mtrfd gri(l of V1 and ground, results in a small but finite delay
hctivecn the firing of V, and that of V,. This delay is enough so that
~rhen the drlay in firing of ~’s is set at the minimum value, Vs will fire at
least :1Ssoon as Vl, Therefore, the minimum length of pulse that can
bc generated is determined only by the speed with which the plate voltage
on Vs can rise and the breakdown time of Vs.
‘rho delay line L 1 pro~i(les a flat top for the pulse. Earlier pulse
generators use(l a large capacity bet\veen this point and ground.
The
flatness of top \ras limited by the ability of this condenser to hold its
chavze. If the ca~acitance were made
R=ZO
large to increase t~is holding ability, it
\voulcl become difficult to replace the
charge during the interval between pulses.
The output was therefore a function of
!:=”
the -’PRF.
The delay line has a small
l:[~. 127.-Equivalcnt rircuit of
total
capacitance
to ground and can,
delayline afterfiringof 1’4.
therefore, be charged to full potential
(Iuicfilv. On the other hand, it \villsustain its voltage accurately for the
time required for a signal to travel to the end of the line and back.
In
this case, the line “length” is eithel i or 1 ~sec, and therefore pulses up
to 1 or 2 psec respectively can be generated.
The flatness of the pulse
top is determined mostly by the quality of the line, although the limiting
action of the follolring amplifier VT contributes appreciably.
.4 delay line may be represented by a battery, whose voltage is the
voltage to which the line is charged, in series with a resistance equal to
the characteristic impedance of the line, for a period equal to twice the
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length of the line after the firing of VA. Figure 12,7 shows the equivalent
circuit for the short interval following the breakdown of VA. The stray
capacity existing between the cathode of V1 and ground, shown as Cl, may
be as much as 50 p~f, since it includes interelectrode capacities of V,,
V5, and VT. The voltage at the cathode would therefore rise along the
curve shown in Fig. 12”8 with a time constant of about 5 x 10–s sec.
When it reached a value determined by the bias on the grid of V?, its
rise would cease as a result of the
... —— .---—-— —- .-—.diode action of this grid. If,
—E~
-- ----however, a capacity Cz, shown in
,,‘t
dotted lines in Fig. 127, is added
~ ‘&z=’--between the plate of VA and
la
ground, when the “switch”
SW
~
(V,) is closed, the junction point
A will quickly reach a voltage
determined by the ratio of the
capacity divider formed by Cl and
Time —
Cz. By proper adjustment of Cz,
FIG. 12%.-Shape of voltage rise at the
V,-V, junction. (a) Withoutcompensating
this voltage may be made equal
condensersC~and C~;(b) compensatingconto the desired final pulse-top voltdensersset correctly;(c) compensatingcondenserstoo small. E.Lis thevoltageat which
age. In this case, the rise time
gridof V7 startsto drawcurrent.
is limited only by the stray inductante in the leads associated with the condensers and may easily be made
less than 2 X 10–g sec. The rise obtained with such compensation is
shown in Fig. 12.8b.
The fall time of the pulse is quite short, since it is determined by the
low effective internal resistance of V5 at the instant of breakdown or by
residual lead inductances.
If the pulse amplitude at the grid of V, is so large that a heavy current
is drawn by the grid, the drain on the delay line will result in a falling off
of its voltage.
Therefore, a bias adjustment is installed as a “flatness
set. ”
The output tube V7 is biased far beyond cutoff during the interpulse
interval and therefore provides a sharp termination for the pulse, free
from spurious oscillations.
Positive and negative output pulses may be
taken from its cathode and plate respectively.
Because of the extremely rapid rise and fall times required to give
the i-f pulse a good start (see below), the greatest care must be taken in
the layout of the pulse tubes and amplifier.
The best uhf techniques
should be employed, since the spectrum of the pulse contains energy in
the regions up to several hundred megacycles per second.
Long-video-pulse Generalor.—The heart of the long-pulse generator is
a monostable multivibrator, made up of the triode Vz and the pentode V$,

I
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As far as the multivibrator action is concerned, V, acts as a triode, the
In the normal condition V, is fully cut off
screen grid serving as anode.
by the bias, supplied by a resistance network, and V6 conducts fully.
A positive pulse applied to the grid of Vj through a diode (V3, cathode
and grid) causes it to conduct, and the resulting downward motion of its
plate potential, transmitted through C2, CS, or C,, cuts off the control
Therefore the voltage at the plate of V, rises; this is the leadgrid of V,.
ing edge of the pulse.
Presently, at a time determined by the resistors in the grid circuit of
V6, the negative voltage disappears, and V6 starts to conduct.
The
resultant drop in potential of the screen grid of VC cuts off Vz once more,
restoring the original condition and terminating the pulse.
The diode V, is necessary to prevent the fall of voltage at the end of
the initiating trigger from restoring the multivibrator to its original
The connections shown at the plate of V, have no signifcondition.
icance; it was used as a convenient tie point.
Positive and negative output pulses are obtained from the cathode
follower V, and the amplifier VW respectively.
~-~ Pulse Generator.—The oscillator proper V8 is an electron-coupled
circuit but is normally inhib;ted
from oscillation by the heavy
damping of the cathode follower
V~ connected across the tuned circuit. The i-f pulse is initiated by
applYing a large negative video
pulse from the short video-pulse
generator to the control grid of
the cathode follower.
This removes the damping and allows the
EJIG.12.9.—Dependenceof amphtude of oscillator to start working.
BeoscillatoryvoltageOntime.
cause of the extremely rapid rise
of the video pulse, which occurs in a fraction of an i-f cycle, the standing
current of the cathode follower in the inductance of the oscillatory circuit
starts the oscillations.
Suppose for the moment that the oscillator tube were removed.
After
the video pulse cuts off the current in the cathode follower, there will
exist a damped oscillation in the LC’-circuit.
The initial current amplitude is given by the standing current in the cathode follower, and the
exponential decay is governed by the Q of the circuit.
This is shown in
Curve 1 of Fig. 12.9. If the tube is replaced, with weak feedback, the
falling off of amplitude is delayed, the negative resistance supplied by
the tube offsetting part of the circuit losses (Curve 2). Increasing feedback prolongs the delay until a value is reached at which the ampli-
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tude remains constant, circuit losses being just offset by the tube (Curve
3). More feedback results in a rising amplitude of oscillation, the rise
continuing until limited by nonlinear conditions in the tube, such as
grid current or change of g- (Curve 4).
If the condition producing Curve 3 is met, the i-f pulse will rise to its
full value in a fraction of a cycle and will retain constant amplitude for
the duration of the video pulse. When the damping is restored, the oscillation will disappear in a very short time because of the heavy loading of
the cathode follower.
The energy supplied to the LC-circuit by the tube is adjusted by
In order to make the voltage across
varying the screen-grid voltage.
the tuned circuit independent of frequency, a constant L/C’ ratio must
be maintained.
Therefore, both inductance and capacity must be
To maintain a flat-topped pulse
suitably ganged and tuned together.
over the band, compensation must be made for changes in circuit Q.
A small bypass condenser across the cathode resistor increases the
Note that the
amount of regenerative feedback at high frequencies.
oscillator always operates over a linear portion of the tube characteristic,
so that the output is exceptionally free of harmonics.
To ensure constant output, the supply voltage for the cathode follower is regulated at +105 volts by the VR tube V],.
The demand of
the cathode follower under low duty-ratio conditions (short pulses, low
PRF) is, however, about 100 ma, whereas at the maximum duty ratio,
90 per cent, it is small.
Under the heavy-drain conditions, the VR tube
might extinguish, as current intended for it was diverted to the cathode
follower.
A diode Vll is therefore provided to allow the plate of the
cathode follower to fall below +105 volts without extinguishing the VI?
tube.
To provide the fast starting discussed above, the short video pulse is
The rise time of the long video pulse
always used to initiate the action.
is probably no better than 10–7 see, a time too long compared with a
quarter cycle at the intermediate frequency to give a clean start. By the
time the short pulse is over, however, the long pulse will have come in to
hold off the cathode follower.
It is not desirable that the long pulse
should rise too fast, since, owing to the grid-to-cathode capacity of Vg, a
In addition, some
“wiggle” would be imparted to the i-f oscillation.
loading would be placed on the tuned circuit by way of this same grid-tocathode capacity, causing some frequency modulation and lowering the Q.
Both of these effects are overcome by a small r-f choke in the line from the
long-pulse generator.
The pulse selector switch Sg offers a choice of positive and negative
video pulse and i-f pulse outputs for both long and short pulses. In
addition to switching the output jacks to the appropriate points in the

318

I-F TEST EQUIPMENT

[SEC.

124

circuit, the switch interrupts the plate supply for the long-pulse generator
in the short-pulse positions and also short-circuits the plate of the trigger
shaper VI of the short-pulse generator when in the two positions for long
video pulses. As was explained above, the short-pulse generator is left
in operation to give a quick start when long i-f pulses are required.
A second switch SL offers three ranges of pulse lengths in the long-pulse
position.
The pulse generator gives satisfactory operation for duty ratios up to
90 per cent and PRF up to 2000 Cpsj the output being independent of the
PRF up to this value.
Operation at 4000 cps results in a slight sag in
the short-pulse output, which may be eliminated by a readjustment of
the flatness set control.
12.4. Noise Generators: General Considerations.—There
are a number of devices that have been used as noise generators for amplifier
The outstanding feature of all of them is that their
measurements.
In the case of the temavailable power is proportional to a d-c current.
perature-limited diode, the constant of proportionality
between the
available noise power and the current can be easily calculated, and such
an instrument can be used as an absolute instrument up to about 300
Me/see.
Above this frequency the measurement of impedance (which
is required for determining the proportionality constant) becomes difficult, transit-time effects change the noise output, and the diode noise
generator can no longer be used as an absolute instrument but is still
useful for relative measurements.
Silicon crystals (of the type used for rectifiers and mixers) generate
considerable noise when d-c currents are passed through them in the
A practical crystal noise generator
direction of difficult conduction.
will be described in Sec. 12.7. Such a device is very compact and convenient for field measurements, but it is not an absolute device and must
be calibrated.
12.5. Theory of Noise Generators Using Temperature-limited Diodes.
High-impedance Noise Generators.—A temperature-limited
diode acts
like a constant-current generator of noise because of the shot effect-the
fluctuation in the number of electrons emitted by the cathode.
The mean
square current strength is given by

where e = charge of the electron
= 1.60 X 10–lg coulomb,
Z = current through the diode, amperes,
B = noise bandwidth of device being used to observe the noise.
With oxide-coated or thoriated cathodes, there may be additional noise
resulting from the so-called jZicker e~ect.
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A simple noise generator consists of such a diode connected in parallel
(for signal frequencies) with an impedance of the value desired for the
signal-source impedance.
This device is connected to the input of the
amplifier, and the value of 1 is adjusted by varying filament current of
the diode to cause the noise output of the amplifier to double.
The available power of the generator W. is
W“

= ~eIRaB,

where Ro is the resistive component of the signal source impedance.
noise figure is

The
(1)

F = &T IR.

==201R.
if T = 290°K.
The absolute value of the noise figure is thus given in terms of two easily
measurable quantities, 1 and R..
A

Lowloss line

B

DRIE

=

FIG.12.10.—Matched-linediodenoisegenerator.
This device is very useful provided that (1) the noise generator can
be connected in its place with short leads and (2) that the parallel reactance of the noise generator can be made entirely equivalent to that desired
for tlie signal source over the entire range of frequencies of interest.
There is always some capacity across the diode.
In the cases where the
desired shunt reactance corresponds to a capacity greater than the diode
capacity, the desired capacity can be attained by adding a padding condenser. In other cases, which occur fairly often in practice, the desired
reactance is that of a smaller capacity or an inductance.
These cases
are somewhat embarrassing, for there is no completely satisfactory way
of producing the desired reactance.
The best it is possible to do is to
This
resonate out the undesired capacity by means of an inductance.
procedure is rigorously valid at only one frequency.
These difficulties can be largely avoided by the use of a low-impedonce
or matched-line noise generator.
The Matched-1ine Noise Generator.—This apparatus (see Fig. 12,10)
consists of a noise diode feeding a lossless line of characteristic impedance
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ROwith a termination at the generator end and a matching network consisting of RI, Ra, and X so selected that the internal impedance of the
entire device equals that of the signal source.
The capacity C is the distributed capacity of the diode, and L resoMore exactly, L and R,
nates with this at the band-center frequency.
are so chosen that one measures the same impedance at .4 A‘ as at BB’
(the other components to the right being disconnected in both cases).
As Ro is relatively low, the bandwidth of the circuit C-L-R, is large compared with the usual bandwidths of the amplifiers, and therefore the
capacity has much smaller effect than in the high-impedance noise
generator.
(In a typical case where C is 10 ~~f and R, is 75 ohms, the
bandwidth is about 200 Me/see.)
It maybe shown by a straightforward calculation that the noise figure
is given by
R; I
F = 2:T

R,
‘a

=20

2

() 1+F2

—=
RO”i
‘“

() 1+F2

where R. is the parallel output resistance of the generator, which is made
equal to the parallel output resistance of the actual signal source (equal
to l/Ga the reciprocal of the conductance of the signal source).
The
resistances RI and R’ are chosen to give the desired value of R. by the
use of the following relation:

Two special values of R, are of interest.
present),

If it is infinity (that is, not
(2)

20R;I
—
—
R.

if T = 290°K.
By comparison with Eq. (1), it can be seen that for a given noise
figure, the ratio of the d-c current required with the matched-line generator to that required with the high-impedance
noise generator is
(Ra/RJ2. To cite a typical example, if R. is 300 ohms and R, is 75 ohms,
sixteen times as much current is required with the matched-line generator
as with the high-impedance noise generator.
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If RZ is made equal to RO,
(3)

(if T = 290”K)

and
R. = R, -I- ~R,.

It can be seen by comparing Eqs. (2) and (3) that four times as much
current is required to measure a given noise figure if both ends of the line
are terminated in the characteristic impedance as if only the generator
end is terminated.
12.6. Construction of Diode Noise Generators.—Diodes used as noise
generators should have the following characteristics: pure tungsten or
thoriated tungsten filament, good saturation (the reciprocal of the slope
of the plate-current vs. plate-voltage curve should be at least tifty times
the desired generator resistance), short leads, and low capacity.
Also,
for matched-line use they should have’ a moderately large emission and
plate dissipation.
Of all the tube types tested here the British type
CV172 seems to be the most generally satisfactory.
Although not
designed for such use, the Western Electric 708A, the Eimac 15E (the
15R does not saturate very well), and the 801A seem to be more or less
satisfactory for matched-line generators.
The Sylvania X6030 and the
OIA are satisfactory for high-impedance generators.
RCA has built
some experimental noise diodes in miniature bulbs (R6192), which look
promising as far as r-f characteristics are concerned.
At 30 Me/see,
comparisons among many of these types have yielded agreements within
0.05 db. Oxide-coated
cathode tubes have proved unsatisfactory
where highest accuracy is desired, and indirectly heated cathode tubes
are doubly undesirable because of the difficulty with which they are
controlled.
A noise generator should be completely shielded and its power leads
should have decoupling to prevent picking up of extraneous signals in
general and specifically to prevent stray coupling to the output of the
receiver, which would cause regeneration.
AS the diode is operated
under temperature-limited conditions, the plate-voltage supply need not
have particularly good regulation or filtering.
Under these conditions,
the plate current varies rapidly as the filament voltage is changed.
It is
therefore desirable to provide a relatively constant supply voltage such
m a storage battery or, if operation from a-c lines is desired, a constantvoltage regulator.
Because of the rapid variation of emission with filament voltage, two rheostats for the control of filament voltage should be
included in the apparatus, one for rough control and one for fine control.
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FIG.121I.—Interiorviewof noisegeneratoremployingCV172tube.
250

Y
FIG.12.12.—Noisegenerator. CoilsL,, L,, L,, L, are woundwith 26 enamelwireon
2W IRC 0.25M; self-resonantat 30 Me/see. Coil L~ is woundwith 26 enamel wire cm
Speer form, tunes 30 Nlclsec with capacitancefrom plate to ground. Condensersare
600 ppf Erie buttons.
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It is important to have firm electrical connections in the filament circuit.
The number of connectors and toggle switches should be kept to a minimum; and if alternating current is employed, these and the control
rheostats should be placed in the primary of the transformer where
slight changes of resistance will have less effect. Sometimes it is necessary to clean the filament pins of the tube and tube socket.
A noise generator employing a CW172 tube is shown in Fig. 12.11,
and the complete circuit diagram is shown in Fig. 12”12. It was designed
primarily for use as a matched-line generator employing a section of
75-ohm cable (not shown in the diagrams), and therefore a 75-ohm resistor
This same design could, however,
is shown in parallel with the output.
be used as a simple high-impedance generator by raising the value of this
resistor and adjusting the reactance in parallei to a suitable value. The
inclusion of the large amount of filtering and the VR-105 regulator tube
in the power supply is perhaps not entirely necessary.
12.7. Crystal Noise Generators. —Silicon crystals produce considerable noise when a current is passed through them in the direction of lower
conductivityy.z Noise generators
of thk type have been built that
R3
can be used at frequencies up to
~ O-1ma Cryslal
510
at least 3000 Me/see.
The circuit
Rz R,
output
diagram of one that was designed
51
c1
c~
510510
0.001
for use at 30 Me/see is shown in
q~~
21,5V
_
Fig. 12.13. As it was desired to
use a meter with a sensitivity of
1 ma full scale, it was necessary
~,o. ~2,13,_Ci,C.t
of ~,Y~taI noise
to provide a II-attenuator congenerator.
sisting of R2, RS, and Rd to reduce
The values of these resistances
the noise output to a convenient value.
are so selected that the parallel resistance at the output terminals is
approximately 300 ohms, equal to that of the actual signal source used
with the amplifier under test, and CZ is adjusted to equal the capacity of
the signal source. The current is adjusted by RI to cause the noise output
of the amplifier to double, and the noise figure can be determined from
this value of the current’ and the calibration of the instrument, which
must be made experimentally by comparison with a signal generator of
another type.
Such instruments are very compact and simple in construction but must be calibrated frequently if high accuracy is desired.
I TM unit was designedand built by C. Butt and H. W. Brown at the Radiation
Laboratory.
2J. E. Houldin, “ The Crystal Capsuleaa a Generatorof Noise.” GeneralElectric,
Report No. S237 (Great Britain), July 9, 1943.
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DEVICES FOR COUPLING INTO AND OUT OF THE RECEIVER
Many signal sources are designed to operate into a coaxial line whose
characteristic impedance may be 35, 50, 75, or 100 ohms. It is often
convenient to have a separate well-shielded attenuator with characteristic
impedance equal to that of the line. In addition a dummy input circuit is
ordinarily required to simulate the normal signal source. In the case
of the microwave radar receivers under discussion here, the dummy
input circuit simulates the crystal mixer and permits the testing of the
i-f amplifier alone. Finally, a so-called traveling detector is often used to
give easy access to the output of successive stages of the i-f amplifier.

.---

————

---

——-— ———
~

—___

YiYkY/
FIG.12.14.—75-ohmi-f attenuator.

12.8. Attenuators.—A typical circuit is shown in Fig. 12.14. Table
12.1 shows the values that should be used for various sizes of steps for an
iterative impedance of 75 ohms. The accuracy of any section may be
determined with a bridge by measuring the resistance from P to Q and
from P and Q to ground with the switch in the ‘‘ out” position.
The
values that should be obtained are tabulated in Table 12.1, together with
the values of the individual resistors. For any other iterative impedance,
multiply these values by the ratio of the new impedance to 75 ohms.
TABLE121.-RESIST.ANCEVALUESFOR75-oHMATTENUATE

Attenuation,
db

I
Rh

1
2
3
5
10
20

1305.
654.
438,
267.
144,
91.7
I

Test data

1

I
RB

Resistance
Pto Q
8.7
17.2
25.7
42.1
78.0
123.2

8.7
17.5
26.6
45 6
106.7
361.
I

Resistance
P or Q to ground

I

657.
330.
227.
144.5
91.9
76.8

I
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This type of attenuator is reliable for direct current and for any frequency
up to some limit determined by stray lead inductance and capacity.
By using small composition resistors carefully mounted, satisfactory
operation and accuracy of calibration and of match may be obtained
up to 60 Me/see or higher. One arrangement that works well in this
region is shown in Fig. 12.15. The over-all attenuation of this unit is
over 100 db. Careful shielding is required if the leakage power due to
stray coupling is to be kept well below the desired power. Note that in
the arrangement shown, all leads are short, and each section is fully
shielded from the adjoining sections.
Wire-wound resistors cannot be used except at very low frequencies
because of their inductance.
Semiprecision composition resistors are
bulky and would have excessive capacity to ground.
Small half-watt
.._. ._—

FIG.12.15.—Photograph
of attenuator.
composition resistors, such as the Allen-Bradley type EB, are therefore
used. If greater accuracy is desired, resistors may be selected from a
larger lot, or resistors measuring less than the desired value may be
trimmed to the correct value by filing a notch through the insulating
case into the composition until-the correct resistance value is obtained,
In general, because of
after which the notch is sealed with lacquer.
aging and temperature effects, it is not worth while trying to achieve an
accuracy greater than 2 or 3 per cent.
In making bandwidth or noise measurements, it is often necessary
to be able to change the strength of the input signal by exactly 3 db.
For this purpose, a single-element attenuator of the type discussed above
may be used. It is often mounted in a small metal can provided with
input and output cable fittings and is installed in the line from the signal
generator to the amplifier under test. Some of the modern signal generators have such attenuators built in.
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12.9. Dummy Input Circuits.-The
output lead from most signal
generators either is a coaxial cable or is intended to work into a coaxial
cable of characteristic impedance Ro. It is necessary to provide the
proper termination for this cable to ensure that the correct value of
The performance of an
attenuation is obtained with the attenuator.
amplifier is likewise affected by the impedance of the signal source. The
impedance of the test source should therefore be the same as the impedance Zi of the source used in actual operation.
A dummy input circuit, therefore, is used to couple the generator to
the amplifier under test. As seen from the generator, the circuit impedance is RO; as seen from the amplifier, it is Zi( = R~ + jXi).
In microwave radar sets the amplifier signal source is a crystal mixer
whose i-f impedance is made up of a resistance in parallel with a capacitance.
The resistance ranges from 200 to 500 ohms, depending on the

—

Resistorbody
Solder

To attenuator
(Ro)
L

Cable shield braid

FIG.12,16.—Diagramof approximatephysicallayoutof dummycrystal.
wavelength and the particular crystal used. The capacitance is from 5
to 15 ppf for the mixer proper; if a cable is used to attach the mixer to
the amplifier, as much as 20 Ypf has to be added.
Sometimes the mixer is left in place, and the signal is introduced
through a dummy crystal. Figure 12.16 shows the usual arrangement.
The impedance seen looking into the input terminals of the amplifier is
usually relatively high. Therefore, the impedance seen from the cable
looking into the dummy crystal is only slightly less than the value of
the shunt resistance R,.
In practice, R, is set equal to RO, providing the
Looking
correct termination for the cable and hence for the attenuator.
back into the dummy crystal from the amplifier, one sees R 1 in series
with RO/2, since the cable itself, being terminated by Ro at the generator
or attenuator end, looks like Ro. R, is therefore chosen so that
RI + RO/2 = R,.

When a dummy crystal is used, no provision for capacitance need be
made, as the mixer itself supplies the right amount.
At times, however,
it is preferable to remove the mixer and replace it with a complete dummy
mixer. The circuit used is the same as before, but a variable condenser
C, is added from the output end of R, to ground, to simulate the mixer
The dummy mixer is generally mounted in a small metal can.
capacity.
If the amplifier to be tested includes a cable for the mixer, a suitable cable

1
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fitting is mounted directly on the can. If the amplifier is provided with
a jack, a short cable may be included as part of the dummy mixer. In
either case, the condenser is adjusted to present the same capacity that
would be seen at the point of attachment with the regular mixer in place.
Dummy mixers have been built in which various values of R, could be
selected by means of a switch.
In addition to providing values ranging
from 200 to 500 ohms, to facilitate the study of the
effect of crystal impedance on performance, O ohms
and 5000 ohms are provided.
The former serves to
damp out the selective effect of the input circuit in
order to study effects in later circuits; the latter provides essentially a constant-current source useful for
special applications.
Some attempts have been made to develop signal
generators with push-pull output for testing the
balanced input circuits used with balanced mixers. It
is not difficult to obtain equal output voltages at the
FIG. 12.17.—Dumgenerator, but it is very difficult to provide matched
my crystal.
pairs of attenuators that will give
equal output volt-ages at low level. It has been found, fortunately, that all necessary
information may be obtained from tests using a single-ended output signal
introduced by means of a dummy crystal first into one and then into the
other crystal holder, the unused holder being supplied with a second
dummy crystal containing a resistor of value R,, one end of which is
grounded. The output that would be obtained with push-pull input is
the average of the two outputs obtained in the above manner, except that
RI

Ci

-- To attenuator
(

#

n
‘4

&
c;

.
R;
FIG.12. 18.—Doubledummymixerfor unbalancetestson balanced-inputreceivers.
v

a 6-db allowance must be made, since only one of the input connections
is energized at a time. Figure 12.17 shows a dummy crystal suitable for
this purpose.
This method is not suitable for the measurement of the degree of
unbalance of the circuit, since that involves the determination of the
small difference bet ween the two results. However, unbalance may be
readily measured by feeding equal signals into both inputs in phase. A

I
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special dummy-crystal pair may be constructed for this purpose, using
the connections shown in Fig. 12.18. With such a device, the output of a
perfectly symmetrical circuit would be zero, so that the amount of output
is a measure of the unbalance.
1201O. Traveling Detectors,—The
principal occasion for the use of a
traveling detector comes in the alignment of an amplifier where it is
desired to measure or observe the pass band of a single interstage circuit.
A signal from a swept-frequency oscillator is introduced ahead of the
circuit to be tested, in such a way that none of the previous circuits contribute to the selectivity.
If the circuit under test is connected to the
plate of a given tube, th~ input signal may be introduced across a 75-ohm
resistor at the grid of that tube. The output signal may then be taken
from another 75-ohm resistor connected to the plate of the following stage.
Either vacuum tubes or crystal rectifiers are used. but in either case
the rectifier input is shunted with a low resistance that provides correct
termination for a coaxial cable.
The rectifier may then be located at any
point far from the amplifier.
It is usually located close to the output indicator, which is generally an oscilloscope with a high-gain audio
amplifier.
The low impedance of the probe so broadens the circuit to which it is
connected that it has a negligible effect on the observed response curve.
This method was widely used for a long time. It suffers from one
difficulty, however, that comes from the Miller effectl which is present
at the input circuit of the tube following the circuit under test. On the
average, for 6AK5 tubes, there exists a total capacity CPOfrom the plate
of a tube to its own grid of about 0.07 p~f. Because of the Miller effect,
there is an apparent added capacity Co~ of ~CP,, where ~ is the stage
amplification.
In the functioning amplifier, ~ may be from 5 to 10,
making Co~from 0.35 to 0.5 p~f. But with the probe in place, the stage
gain is less than unity, causing a proportional reduction in Cok and a
consequent increase in the resonant frequency of the coupling circuit at
the input.
The detuning effect may amount to a megacycle or more.
If only the single-stage Miller effect existed, it would be possible to
allow for it by aligning each stage above the nominal center frequency by
There is also,
an amount that could be determined experimentally.
however, a “chain Miller effect” in which the change of gain of one stage
causes a detuning of the stage two positions down in the line. The result
of this is that accurate alignment with the low-impedance probe is difficult
or impossible.
Such a probe is, however, useful for approximate measurements.
For situations requiring accurate alignment the following
1F. E, Terman, Radio Engineers’ Handbook, McGraw-Hill, New York, 1943,
p. 468; J. M. Miller, “ Dependence of the Input Impedance of a Three-electrode
Vaouum Tube upon the Load in the Plate Circuit,” Bur. Standards Sci. Paper 351.
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method has been found useful. Although the ideal amplifier tube
operates only over a linear portion of its characteristic, practical tubes
are such that with moderately large signal, the operation extends into
When a
nonlinear regions; thxt is, the amplifier acts also as a detector.
strong signal is applied to the grid of such a tube, the cathode current
l’he value of this current is therefore a measure of
increases slightly.
the signal amplitude.
Furthermore, within limits, the response so
obtained will be proportional to the voltage of the input signal. It is
therefore suitable for the observation of the pass band.
To make the observation, a lead is connected directly from the cathode
of the amplifier to the oscilloscope amplifier input terminal.
The output
voltage is developed across the impedance consisting of the cathode
resistor and bypass condensm in parallel which at these low frequencies
is resistive. This method causes no detuning, either from probe capacity
The output voltage is fairly low, howor from changing Miller capacity.
ever, so that, the gain of the zudio amplifier must be high. The only
serious dratvback is that the connection can be made only with the
This is not a serious ch-a}vback, however, since
chassis cover rrmm-ed.
it is primarily used for tests o~”cr a single stage, when regenerative feedback is likely to be small.
DEVICES FOR MEASURING RECEIVER OUTPUT
Except in the case of noise figure measurements, the output indication is ordinaril.v no prohlrm, a vacuum-tube voltmeter or cathode-ray
Accurate measoscilloscope being used \vith only ordinary precautions.
urement of noise figure, however, demands a knowledge of the relation
between input poircr and output indication of the indicating circuit, as
well as absence of overload effects ahead of the point of measurement.
12.11. Attenuator and Postamplifier.-This
device is the most accurate and generally satisfactory \vhcn noise generators are employed.
Although it is more complex than thr others to be described, it can be
Therefore, it is
* operated successfully by relatively untrained personnel.
ideally suited for use on production lines as well as for use in research
lahmatories.
.lfc/hod.—The method is illustrated by a block diagram in Fig. 12.19.
The rrading of the output meter is first observed with the attenuator
cut out and the noise generator turned off. Then the attenuator is cut
in and the noise generator is adjmted to make the output meter have
If the attenuator has an attenuation ratio
the same deflection as before.
a equal to 2 in power, this available power of the noise generator causes
the available output power of the receiver to double.
In the event a is
not cxartly
2, a very simple correction can be made, as will be shown later.
Because i he post amplifier is opmatrd at constant signal level, no harm is
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caused by overloads ~~ithin it, and this unit can be connected to the
amplifier under test at a stage ]~here the signal level is low enough to
This connection can be made by means of an
avoid overload difficulties.
adapter that plugs in in place of one of the tubes in the amplifier.
Co~~str~(ctior~.—Tt~epostamplifier should have the same center frequency as the amplifier under test and a bandwidth somewhat greater.
Great care should be exercised in shielding the postamplifier, and it
should be operated from its onm power supply to avoid any chance of
feedback to the amplifier under test. It is convenient to gang with the
:~ttermator sJvitch an S1’ST switch connected through a cable to the B +
supply of the noise generator so that the generator can be turned on and
the attenuator can be cut in by the turn of a single knob.
Ho\vever, this
s\vitch should l)e isolated from the attenuator to prevent signals from
leaking out. l’he detector uses any of the common diode receiving tubes.

z

Milliammeter m series
with diode load
7

Noise

generator

Amphfler
under test

llG.

r
T

12 l!). .\ttc,~(u<to]
and rmstar]!l,llfier
[nethodof measuringnoise.

A meter indicating 1 ma full scale in series ;vith the diode load resistor is
adequate for many measurements, but the over-all sensitivity can be
increased by using a meter of 30 or 100 Pa full scale, with a dry cell and a
variable resistance in series ~vith it connected across the meter to buck out
the dark current of the diode.
It is useful, also, to have a jack connected
to the high-potential end of the load resistor through a decoupling filter
for making a connection to an oscilloscope so that the pass band of either
the postamplificr or the combination of the amplifier and postamplifier ~
can be ohscr!cd when i slyept-frequency signal generator is connected
to their mspccti~r inputs.
The attenuator and its immediate circuit are designed }vith these
obj ectivcs: ( I) to make the calibration independent of the condition of
impedance mismatch at the output of the amplifier and (2) to have a value
The diagram of the attenuator and its
of a as near to 2 as possible,
immediate circuit arc sho~vn in Fig. 1220.
If the characteristic impedance of the cable is other than 75 ohms, the values of the resistors should
be changed in the proper ratio. These resistors are $ watt carbon, and
those in the attenuator are sclect,cd to be ]rithin 2 per cent of the indicated
Val(les, The trrmin:lting resistor {? and the inductance L (which reso-

SEC,

1211]

ATTENUATOR

AND POSTAMPLIFIER

331

nates the input capacity of the tube) are selected so that the same impedance (at the center frequency of the amplifier) is measured across the
pins of PS with both positions of the attenuator switch.
If this condition
is met, the calibration of the attenuator is independent of the impedance
presented by the cable.
However, as a precaution against slight errors
in the values of L and R, this cable should present an impedance that
approximately matches the iterative impedance of the attenuator to
absorb any waves that might be reflected back from R to L. In Fig.
12.20, the amplifier end of the cable is fitted with a plug PI which fits
into a tube socket of the amplifier (which is assumed to have single-tuned
circuits).
This plug is designed to connect the cable in parallel with the
load of the tube previous to the tube displaced by the plug. The impedance of this load is usually high compared with 75 ohms, and therefore
the plug contains a 75-ohm resistor which causes the cable to be ter-

cable
—
75

B

212
FIG.12.20.—Detail~of attenuator.

—
—

minated in approximately its characteristic impedance, which in turn,
therefore, presents an impedance of approximately 75 ohms to the attenuator. The plug presents a net impedance of 37.5 ohms (75 ohms in
the plug in parallel with a 75-ohm terminated line), which is a very heavy
load and causes the bandwidth of this circuit to be large. .4n alternative
procedure is to omit the resistor in the plug PI but to insert between PZ
and PS a T- or II-attenuator pad having 75 ohms iterative impedance and
In fact, if amplifiers with different gains or
at least 10-db attenuation.
the same amplifier with various settings of the gain control are to be
measured, the postamplifier should have sufficient gain to operate with
the amplifier having the minimum gain, and it is desirable to employ,
between Pz and P~, a variable step attenuator to compensate for any
excess gain. With such a device, the plug PI presents an impedance of
75 ohms, which has the advantage that less distortion of the pass band is
produced if the blocking condensers ha-~e reactance
comparable to
37.5 ohms.

332

[SEC.1211

I-F TEST EQUIPME.VT

r-

FIG.1221.-Bottonl >.iewof postamplifier.
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Photographs of a unit of the type described in this section are shown
in Figs. 12.21 and 1222.
The circuit diagram is shown in Fig. 12.23.
Note how the amplifier is shielded from the power supply and the section
of the selector switch that controls the B + of the noise generator.
This
unit has a bandwidth of 8 Me/see centered at 30 Me/see, and the voltage
gain between the grid of the first tube and the plate of the third tube is
approximately 350.
Correction to Be Applied When a 1s Not Equal to Two.—The correction
to be applied when a is not equal to two is very simple. When a noise
figure is measured, it is assumed that at the input of the amplifier there
is a single source of noise whose available power is W. and which simulates all the sources of noise within the amplifier.
With the attenuator
220

- +10Sv33ma
220

220

a

Thisswitchganga&
with3db attenuator
closedwith 3 db in.
?
7

II

l~v

a-c

amplifierfor noisefiguremeasurement.
FIG.12-23.—Auxiliary
in, the noise source is turned on and adjusted to give an available power
W, such that the same output is obtained as with the noise generator off
and the attenuator out. Therefore

w. + w, = Ciw.,
or

w. = ~.

a—l

The procedure is to (1) calculate the noise figure as though a were
exactly 2 and (2) divide the result by a — 1 if the noise figure is expressed
as a ratio or subtract 10 log10 (a — 1) if it is expressed in decibels.
AS
a is approximately 2, a — 1 is approximately unity, half as large. Therefore, the percentage correction in noise figure is approximately twice as
greiatas the percentage deviation between a and 2.
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12.12. Crystal and Diode Rectifiers. -Crystal
and diode detectors
(which include the detectors incorporated in radio receivers with d-c voltmeters connected across their loads or millimeters
connected in series
with their loads) suffer disadvantages except in regard to availability.
Usually they do not respond to a combination of noise and c-w according
to the same law as to noise alone, and therefore they are not reliable for
highest accuracy when c-w generators are employed.
Even with noise
generators, one must expend considerable effort, especially with wideband receivers, to establish the law of the detector.
(Such detectors
usually have a “ dark current” with no signal applied.
Depending upon
individual conditions it is sometimes necessary to subtract it and other
times to neglect it in establishing some simple law.)
Generally, one
cannot establish any such law very accurately, as it is not possible to hold
conditions sufficiently stable.
Also the law itself will often hold for only
a small range of signal level. Hence this method is usually not very accurate even with noise sources.
Crystal detectors used with indicating devices that have a deflection
sensitivity of about 1 pa full scale have been found to be accurately linear
in power, but with meters of lower sensitivity they may deviate considerably from such a law.
12.13. Bolometers.—A
bolometer is the most satisfactory outputindicating device for use with unmodulated c-w signal generators, as it
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FIG112.24.—Unbalancedbridgebolometer.

responds to unmodulated c-w and noise powers according to the same
law. It can be used with noise generators as well.
An unbalanced-bridge type of bolometer is sufficient for this purpose,
as it is necessary to measure merely relative power and not the absolute
power in watts at the output of the amplifier.
Such a device is illustrated
in Fig. 12.24.
Rz is a ~-amp
Littelfuse or a Thermistor which (together
with the decoupling resistor R ~ and R J forms one arm of a Wheatstone
bridge whose other arms are R,, R,, and R,.
With the amplifier turned
off, the bridge has been balanced by adjustment of RT. With the ampli-
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fier operating, its output, consisting of noise signal ora combination of
both, isdissipatedin
RZ, causing its resistance to change, upsetting the
balance of the bridge, andcausing themeter to deflect.
If the amplifier
is linear, the deflection is proportional to the power input.
Generally it is not very convenient to connect such a device to the
Therefore it is
output of an amplifier that already has been constructed.
desirable to mount such a device in an auxiliary postamplifier whose input
is obtained from a plug that replaces one of the tubes of the amplifier
under test.
Thermocouple Meters.—Experience obtained at 30 iMc/sec has indicated that, the deflection of such meters does not depend upon the power
according to any simple law nor do they accurately obey the same law
as at direct current.
Therefore if they are used, they should be calibrated
in terms of other devices such as attenuators or bolometers at the frequency at which they are to be used.
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RECEIVER

BY F. M. ASHBItOOK
13.1. Introduction.—The
receiver to be described in this chapter is
selected as an example of straightforward design without any of the
It is a
special features found necessary in radar systems of other types.
part of a general-purpose shiptmrne radar system operating in the region
of 10)000 kfc/sec with a peak transmitter poww output of approximately
60 kw. As is frequently the case in radar systems, the transmitter,
receiver, and duplexing components are mounted in a single waterproof
unit known as an “ r-f package. ” Inside this package the receiver unit
comprises the mixers for signal and AJ?C channels, the local oscillator,
the AFC circuits, the signal i-f amplifier, the second detector, and the
video amplifier.
Power supply and operating controls are located
remotely.
13.2. Mechanical Construction of Receiver Unit.—To help secure the
very high degree of shielding required, it is desirable to mount the mixers
as an integral part of the receiver unit. This requirement poses additional mechanical problems, since the whole receiver unit must now be
accurately located with respect to the waveguide assembly making up
the duplexing system.
Hollow threaded bushings that screw into brackets in the receiver,
as shown in Fig. 13.4, are used for mounting the receiver to provide the
These bushings rest on a
necessary adjustment for proper alignment.
mounting frame on which there are four studs that pass through the
hollow section of the bushings to hold the receiver in place.
The receiver
The
can be moved up and down in space by adjustment of the bushings.
fore-and-aft and sideways movement is made possible by slotted holes in
the mounting brackets which allow the brackets to move ~vith respect
When the receiver is mounted in the r-f
to the base of the r-f package.
package, it can be carefully lined up with the waveguide that connects the
magnetron with the antenna.
The complete r-f package minus cover
is shown in Fig. 13.1. The transmitter tube and its transformer have
been tipped out of the way for a better view of the receiver.
Since the transmitter and receiver are in the same package, it is
necessary that the receiver unit be carefully shielded.
The transmitter
puts out a signal of about 5 X 104 ]ratts, and the receiver is expected to
336
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detect a signal as weak as 10-13 watt, a total power difference of 5 X 1017.
Fortunately the isolation does not have to be complete, for while the
transmitter is transmitting, there are no signals to be received.
It is
important, however, that the receiver be capable of receiving small
signals almost immediately after the transmitter ceases. If there were
no shielding between the two units, the transmitter power would leak into

.
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.
FIG.13.1.—R-fpackagewith receivermountedin place.
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the receiver circuits and cause them to oscillate and remain ringing for
some time after the transmitter ceases. In addition the mixer crystals
must be protected from burnout, which may occur at power levels of
approximately 1 watt.
The TR tube described in Chap. 2 takes care of
the isolation of the direct path from waveguide to receiver, but other
paths resulting from pickup of transmitter power by i-f components and
feedback to the mixers must be stopped by careful shielding.
13.3. Mixer.-A
schematic view of the r-f circuit and mixer is shown
in Fig. 13.2. The input to the signal channel is coupled into the mixer
through the TR tube.
The attenuated signal for the AFC circuit is
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coupled into its mixer through the attenuator (waveguide beyond cutoff).
The local oscillator is inserted into the waveguide joining these two
mixers. The resistor across this guide is a terminating resistor that
reduces the Q of chamber so that it will be less frequency sensitive.
The
amount of LO power that is injected into each circuit is adjusted by varying the effective width of the slots A and B by means of the screws.
The transmission loss of the attenuator in the AFC mixer is adjusted
so that the transmitted pulse will give a signal to the mixer of from 1 to
10 mw. To ensure successful AFC functioning, the leakage into the
AFC mixer through the TR tube, the LO chamber, and the two LO-coupling slits must be small compared with the signal that comes through the
attenuat or. Therefore the leakage into any part of the mixer circuit
must be very small. The problem of leakage is serious because, in order
that signals shall not leak into the mixer by way of the choke joints on
the attenuator and between the TR tubes and choke joint on the mixer,

FIG.134,-–Side viewof receivershowingmixerassemblj-.
it is necessary to restrict tolerances and make sure of parallelism between
parts of the mixer, duplex assembly, and TR tube (see Fig. 133).
Compressible metal-mesh gaskets have been used successfully to make up for
small misalignments.
The metal strip connected to the solenoid in
Fig. 13.4 is for the purpose of protecting the crystal when the system is
not operating and the keep-alive voltage is not applied to the TR tube.
Without the keep-alive voltage, the TR tube does not break down at a
power level low enough to protect the crystal.
Consequently, near-by
radar sets might transmit enough energy into the antenna to burn out
the crystal.
When the radar set is in operating condition, the solenoid
moves the strip across the waveguide until the hole is exactly centered.
This hole is slightly larger than the hole in the TR tube and therefore
does not interfere with the transmission of energy into the mixer. The
shutter was located between the TR tube and the mixer because the first
TR tubes manufactured for this frequency had to be broken down by
the transmitter once or twice before they functioned properly.
The time
delay in the opening of the relay circuit is long enough for this breakdown
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to occur.
From a standpoint of leakage the shutter is in the worst possible location because unless extra precautions are taken, the shutter can
act as a very good antenna to couple energy into the mixer chamber.
The socket mounting into which the local oscillator, a 723A/B, is
plugged is not shown in Fig. 13.3; all that is shown is the choke into which
the probe is inserted.
The choke prevents leakage of the r-f signal from
the mixer assembly and also serves to keep stray radiations from entering the mixer by way of the local oscillator.
In Fig. 13.5 the local
oscillator is shown seated in its socket.
The stud with the knurled nut
carries a bakelite arm that prevents the local oscillator from becoming
dislodged from its socket.
The r-f output from the tube is taken out
through the base on a coaxial conductor, which takes the place of one of
the tube pins. The probe extends far enough into the waveguide to
give optimum coupling.
In Fig. 13,5 the stud to the left of the local

I

—.
FIG.13,5,—ToPviewof receiver.
oscillator is used for adjusting the coupling of the 1,0 signal into the
mixer channel as shown diagrammatically by.4 in Fig. 13.2. This adjustment is also provided with an r-f choke to prevent leakage.
A similar
arrangement is used on the other mixer to adjust the LO injection into
the AFC mixer.
The two large caps with the screw slots (Fig. 13.5) permit replacement
of crystals.
They also hold the crystals firmly in place and grounded,
The output of the mixer is taken from the tip of the crystal and passes
through an r-f filter circuit that blocks the r-f signal from the i-f amplifier.
In this particular mixer the capacity is about 11 .uWfand forms part of
the input circuit for the first amplifier stage. The LO tube is operated
with the cathode at ground; the cavity and shell at +300 volts; and
reflector electrode at a negative voltage variable from —60 to —180
volts, depending on the frequency of operation and the characteristics of
the particular tube.
The reflector-voltage circuit will be discussed in
more detail in Sec. 13.5.
13.4. I-f Amplifier.-The
i-f amplifier operates at an intermediate
frequency of 30 Me/see and has six stages. It is followed by a diode
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detector and a single video-amplifier stage that both limits the signal
and drives a terminated 75-ohm line. Except for the input transformer,
The circuit diagram of the
all of the i-f stages are single-tuned circuits.
receiver is shown in Fig. 13.6.
The input circuit is a double-tuned inductively coupled transformer
designed for the optimum noise figure in a pentode (6AC7) amplifier.
Thk optimum coupling is, in this case, somewhat looser than would be
The coupling is obtained by winding
required for transitional coupling.
a few turns of the primary transformer on top of the secondary coil and
is varied by changing the number of turns of the primary coil that are
wound on the secondary form.
Greater stability in manufacture is
obtained by winding the coupling turns over the grounded end of the
The low-potential end
secondary coil as shown in the circuit diagram.
of the primary coil is filtered and goes to ground through the jack Jz,
A O- to l-ma meter is plugged into the jack for measuring the crystal

..i
FIG.13.7.—Bottomviewof receiverwithcoversoff.
current.
The bandwidth of the input circuit between half-power points
is about 10 Me/see.
The actual construction of the input circuit can be seen in Fig. 137.
The output of the mixer is padded with a 20-~pf condenser (C,S, Fig.
136), which makes the input circuit less sensitive to variation in the
mixer capacity.
The padding condenser reduces the bandwidth of the
input circuit, but in this case the bandwidth is more than enough for
the rest of the amplifier.
The noise figure is not appreciably affected by
the extra primary capacity.
As in all i-f circuits, the points at which the ground connections are
made must be carefully chosen.
The ground connection on the secondary
coil is made at the circuit ground for the tube (Pin 3, Vl).
The i-f ground
for the primary—the point at which Cl is grounded—should be as near
the mixer as possible, since the path of the i-f circuit is through the
crystal to the primary of the coil, then through the bypass condenser to
ground.
From that ground point the signal must flow along the chassis
and up through the mixer to the ground point of the crystal.
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The i-f stages are all similar except for the two with gain-control
All
circuits on the grids and the last, which has a higher plate voltage.
of the i-f stages are singled-tuned circuits with a bandwidth of about
5.1 Me/see and a voltage gain of 9.6 per stage. The over-all bandwidth
The calculated values are based
of the i-f amplifier is about 1.7 Me/see.
on the assumption of an average g~ for 6AC7’s of 8000 pmhos and
capacity loading in each circuit of 26 ~pf. .41though the plate-load
resistor in the last stage is not, the same as that in the other i-f stages, the
extra loading of the detector circuit increases the circuit loading so that
this stage has about the same bandwidth as the rest.
In the i-f amplifier the circuit ground for each i-f stage has been made
on Pin 3 (the suppressor grid), and the noncircuit elements of the tube—
the heater and the shell—have separate grounds as described in Sec.
107. The heaters for the i-f tubes have been wired in pairs, with a choke
in the first pair only.
This choke, which can be seen in Fig. 13.7, is
located just outside the i-f strip opposite the third i-f tube.
The first
five i-f tubes are operated with 105 volts on the plate and screen. This
operating voltage is such that the maximum operating transconductance
‘The inductor shown in parallel with
of the vacuum tube is realized.
the load resistor is an i-f choke that eliminates the d-c voltage drop across
the load resistance.
The gain control is obtained by changing the bias on the second and
third i-f stages. It has sufficient range to reduce the gain of the i-f
amplifier so that all the signals can be reduced to zero. Grid gain control, as pointed out in Chap. 9, is the most satisfactory circuit for radar
use.
The i-f tubes are held in place by means of a bracket that holds the
base projection of the metal tubes (see Fig. 13.5). The holes between the
tubes are for access to the tuning adjustment on the interstage coils.
Because of the internal structure of the 6AC7 vacuum tube, it is essential
that this metal bracket does not make contact with the tube shells.
Consequently, this clamp is provided with an insulating liner. Even
though Pin 1 on the socket is carefully grounded, the shell will not necesActuallyj the internal connection between
sarily be at ground potential.
the tube pin and the shell is comparatively long, because the getter in
the tube is flashed through this connection.
Ordinarily this length of
lead is not enough to be troublesome, but at these frequencies the inductance is sufficient so that an appreciable signal can appear on the shell of
the tube. If a metal clamp of large area is allowed to connect shells of
successive stages, enough feedback may occur to be troublesome.
This same lack of firm grounding of the shell has occasionally required
the use of a tube shield in other sets. Such a shield hinders heat dissipation and should therefore be avoided whenever possible,
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The detector is a single diode with negative output.
At normal
operating gain there will be about 1 volt of noise out of the detector.
Since the interstage capacity is about 27 ppf, the video bandwidth will
be approximately 2.0 Me/see-which
is somewhat narrow for a 1.7Mc/sec i-f bandwidth.
The condenser coupling to the next stage hasa
time constant of 0.01 sec (0.01 pf X 1 megohm), which is sufficient for
this application.
The last stage in the signal channel of the receiver proper is a cathodefollower limiter stage. The cathode of this tube drives a 75-ohm terminated line with a negative 0.8-volt signal. The screen of the limitar is
operated at about 80 volts and is stabilized by the voltage divider netA signal of about 2.8 volts on the grid of the limiter
work Rjz and Rzl.
tube is required to drive the tube to cutoff.
13.5. AFC Circuit.—The local oscillator J“lt (723.k/B) is of the reflex
klystron type.
The tuning of the oscillator is accomplished by mechanically deforming the resonant cavity for tuning over a wide frequency
range and by varying the reflector voltage for small frequency changes.
The electronic tuning by reflector-voltage change is of most interest,
as both the AFC and manual tuning control act in this way. A more
complete discussion of LO tubes appears in Chap. 2.
The AFC circuit in this receiver uses the double gas-tube type of
control circuit.
The double mixer, having one channel for the signal
and an attenuated channel for the AFC, was described in Sec. 13,3.
The layout of the AFC circuit may be seen in Fig. 13.7. It starts at
the mixer with the two input coils located in the upper left corner (L3 110)
and continues down the side and across the bottom with the tubes
arranged in the same order as that shown in the circuit diagram (Fig. 136).
The input circuit for the AFC channel is the same as that for the signal
channel.
A single i-f stage is followed by the discriminator.
Since the
discriminator circuit has an input impedance of less than 3000 ohms, it
furnishes the plate load for the i-f stage. The discriminator circuit is a
The video amplifier following the disconventional Foster-Seeley type.
criminator is a narrow-band high-gain amplifier that inverts and amplifies
The short-time-constant coupling circuit
pulses out of the discriminator.
between the amplifier (VIJ and the hold gas-tube (V,z) prevents powerfrequency hum modulation in this circuit from triggering the hold tube.
‘I’he last tube (Vl,) is the search tube.
The action of the circuit is
described in Chap. 3.
It has been pointed out in Chap. 3 that for proper functioning of an
AFC system it is vital that the frequency of the local oscillator be the
same during the transmitted pulse as in the intervals between pulses.
This requirement necessitates considerable care in shielding to be sure
that no effect of the high-po~~er transmitter pulse gets to the oscillator.
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Both r-f energy and video pulsm, arising from rectified r-f po~ver, from
transients on poJver-supply leads, or from leakage of the input pulse to
The reflector cirrxlit is pa,rticrdarly
the magnetron, m~>r ca~~setrouble.
vulnerable to stra~r pickup bcctuse it is a high-impedance circuit.
A
spurious signal of 1 volt on it will introduce a frequency shift of 2 to 4
ll~i SPC. Frequerrcy shit’ts are also produced by changes in cavity voltage, but the shift per volt is only tiborrt one-quarter as great.
Besides shielding the oscillator itself, it. is necessary to keep out of the
AI?(’ circuit video pulses that are due to stray pickup from the transmitter. If allmved to enter, these pulses ~vill be indistinguishable from
the proper pulsm coming from the discriminator ml may cause improper
operati~m of the circuit.
It will be noted th~t the plate circuit in the i-f tube ( t“,) is shunt-fed.
The advantage of this arrangcm~nt is that the primary of the discriminator transformer is groundrd and any
transients that appear in thp voltage
s(ipply are shunted to ground instrad
of being transmitted through the discriminator and appearing as a pulsp
in the output.
The sweep t~lhe (V,,)
sweeps the local oscillator from a high 3a.
frequency to a lolrer frequenry as thr
reffmtor \-oltagc passes through the
ope rating
range. In this recriver
the discriminator ~vasdesigned so that
the local oscillator would operate at a
28.7
30
frequency 30 31c/see higher than the
31.3
Frqeuency, Me/see
transmitter frequency.
The bandrhararteriswidth of the discriminator circuit is l~IG. 13.8.—Dis(.ri1,>inator
tirs as ohservcd~t plateof v,,,
described by the separation between
the peaks of the discriminator characteristic, which in this case is abollt,
2.6 31c/sec.
The output of the video amplifier follm~ing the discriminator will be
either positive or negative pulses-—or nothing.
The zero output occurs
in t\vo cases: when the local oscillator is mactly tuned to the proper
frequency and when the local oscillator is detuned sufficiently so that
the signal is outside the pass band of the i-f and discriminator circuits.
The output ,of the video tube will be negative pulses if the frequency difference is inside the discriminator pass band and greater than the proper
frequency, whereas the output pulses }vill be positive if the difference
frequency is less than the proper frequency.
Figure 13.8 shows the
discriminator characteristic as amplified and inverted by the video
amplifier. The negative pulses out of the video amplifier do not affect
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the gas-tube circuit, since V,Z (2050) is already biased beyond cutoff.
The positive pulses cause the 2050 to fire, which arrests the drift of the
oscillator tube as described in Chap. 3.
The circuit diagram of the basic components of the gae-tube control
circuit is shown in Fig. 13.9. The bias for the gas tubes is furnished by
the resistors Rs~ and I!3Gin the cathode circuit.
The bias on VIZ is about
3.5 volts more than the cutoff bias for the tube.
The bias on Vl~ is such
that the tube sweeps from about – 225 to – 35 volts.
T’ariations from
tube to tube are such that the upper limit may range from about – 70
}’olts to zero. The voltage at the tap between Rs~ and Rsg is so chosen
that it represents approximately the midpoint of the 884 (VJ sweep.
The combination of the tuning control and tune-set control will vary
the voltage at the bottom end of R4Z from – 255 to – 42 volts.
These
potentiometers are in another unit which is located at the control position.
Many of the quantities that determine the performance of the circuit may be visualized most easily by the use of the resistance-voltage
graph shown in Fig. 13.10. Resistance is plotted as abscissa, and volt“rhe resistances that are most important in controlling
age as ordinate.
circuit behavior are the series string R~~, RH, I?41, and R,,, which are
accordingly plotted in that order. Vertical lines indicate the junctions
of the various resistors and are also labeled with the other circuit comSince the internal impedance of
ponents that connect at that point.
the voltage source, made up of the tune and tune-set potentiometers, is
small compared with the other resistances in the circuit, it has been
neglected.
If both gas tubes are prevented from firing, the potentials
that appear in various parts of the circuit may be found by drawing a
line from the point at the upper left, representing the connection of Rst
to + 105 volts, to the point on the right-hand line representing the connection of R4Zto the particular voltage furnished by the tune and tune-set
controls. Lines a and b represent the limits reached under these conditions. Thus it maybe seen from the graph that the voltages at the plate
of the 884 tube range from +55 to —17 volts at extreme settings of the
tuning controls.
As explained in Chap. 3, this value is of importance in
determining whether or not the sweep tube will fire reliably.
When the AFC-MAXU.4Lswitch is in the NL4XUALposition, the potential
distribution throughout the circuit is given by a line such as c connecting
the point labeled manual-tune point, whose potential is set by the voltage
divider Ra,-h?s,, with the appropriate point on the tuning-control line.
Line c is so chosen that the voltage applied to the reflector of the local
oscillator is exactly — 150 volts and shows that the voltage furnished by
the tuning controls must then be – 182 volts. Lines d and e show that
the reflector-voltage range in the manual-tuning position is from – 80
to – 185 volts.
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When the 884 search tube is in operation, the voltage at its plate will
bewithin therange indicated onthe vertical line. Lines ~andq show the
limits of the range to which the sweep can carry the circuit with extreme
settings of the tuning controls.
Theprocedure forcalculating
rates of follow for the circuit isanalogous to that described in Chap. 3. The point corresponding to the condition where the 2050 tube (Vl~) fires on every pulse [designated as (vF)~i.
in Chap. 3] has been indicated on the vertical line. Line j, connecting
this point with the tuning-control point, gives the values needed for
-50
[

-200
I
I

-250

L..~
o

25

50

75

Rate of follow (volts/see)
I;IG. 13. 11.—FoIIow

rates of .LFC circuit.

Line i gives the necescalculating follow rate in the negative direction.
Both of these lines pertain to a
sary values for the positive direction.
reflector voltage of —150 volts.
The results of a series of such calculations are shown in Fig. 13.11. Here the rate of change of reflector voltage in volts per second is plotted against the reflector voltage.
The
quantity of final interest, the rate of change frequency, is obtained by
multiplying these values by the electronic tuning coefficient of the LO
tube expressed in megacycles per second per volt.
Since this coefficient
varies widely from tube to tube, typical values for the 723.4/B being in
the range of 1 to 1 llc/sec per volt, the results are left in the form of the
rate of change of voltage.

CHAPTER

14

AN AIRBORNE RECEIVER INCORPORATING
ANTICLUTTER
CIRCUITS
BY C. BUTT
14.1. General Description of the Receiver. —This receiver ~ras designed to meet the requirements of an airborne S-band radar search system. The transmitter pulse length is 2 ysec; the repetition rate is 300
cps; and the r-f pulse output power is about 1 megawatt.
The receiver
was planned for ease of production and with a view to later modifications
and developments.
Two major modifications were incorporated without
undue difficulty after production had started, and a receiver for a comr—--—
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141.-Simplificd Mockdiaglam of receiver.

pletely different radar system was readily developed from the same basic
design.
The receiver is a superheterodyne with seven stages of 30-iMc/sec i-f
amplification, a second detector, one stage of video amplification, and a
cathode-f ollower output tube.
It is equipped with AFC and optional
anticlutter circuits known as “instantaneous automatic gain control, ”
L4GC;
“ detector balance bias,”
DBB; and “fast time constant,” FTC.
An additional anticlutter device known as ‘‘ sensitivityy time control, ”
349
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STC, also modifies the receiver operation }nlt this device is contained in a
separate unit. The receiver contains its own power supply operating
from a single-phase 120-volt, 400-cps power source. In addition it
furnishes keep-alive voltage forthe TR tube. Thereceiver clelivers LO
power by means of an impedance-match@
coupler (splitter) to two

external crystal mixers, one for the signal channel and the other for the
AFC channel.
Figure 141 is a block diagram of the receiver showing its
relation to the radar system.
A general description of the electrical and mcch:mical design will be
presented first, and the speci:d features ami circuitry discussed in more
The reccivm design ~vas carefully considered from
detail subsequently.
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the follo~ving standpoints: stability, servicing and maintenance, modification facility, and ease of production.
In order to satisfy these considerations, part of the Al?C channel, the i-f channel, and associated i-f
circuits are segregated into two separately shielded subchassis sections.
One section contains the first four i-f stages and that portion of the AFC
channel composed of the i-f amplifier, discriminateor ! and video amplifier.

,

...
(e)
l:IG.14.2.—Fordescriptivelegendseepage 350.
The section is referred to as the i-f—AFC chassis. The other section,
referred to as the i-f—clutter chassis, contains the last three i-f stages,
second detector, and four anticlutter (IAGC-DBB)
circuits.
The photo
graphs of Fig. 14.2a to e show in general how this was done.
The segregation of the i-f circuits in this manner is logical, since the
circuitry and mechanical layout lends itself nicely to such a design and
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splitting the i-f channel into two units of approximately equal gain is
advantageous in maintaining stability. 1
Leads carrying i-f signals are short and component parts are small and
isolated to reduce stray capacity and unwanted coupling to a minimum.
Ground currents are practically eliminated from the main chassis deck,
and the separation between the two i-f chassis prevents feedback due to
ground current coupling between the output and input circuits.
Furthermore, the use of button-type mica feedthrough condensers makes it
possible to feed voltages into and out of each subchassis with efficient
filtering. Where filtering is unnecessary or undesired, insulated lowcapacity Kovar feedthrough terminals are used as, for example, at the
second detector output.
The two subchassis are fastened to the main chassis deck by spacer
The main chassis must have clearance holes for the
mounting bolts.
tubes and the tuning screws on the i-f coils. Either subchassis is easily
removable as an integral unit by unsoldering leads from the various
feedthrough terminals and removing the mounting bolts.
This design has proved to be extremely valuable.
Some 72 new
subchassis units were installed in field modifications on 52 production
receivers without difficulty.
These modifications required a complete
new i-f—AFC chassis containing low-noise triode input circuits and new
In addition, complete subi-f—clutter chassis having improved circuits.
chassis were supplied in the kit of spare parts, so that in the event of
failure and inability to find or remedy the trouble quickly, the spare
chassis could be substituted and the inoperative chassis repaired at leisure or under more favorable conditions.
This reduces service and maintenance difficulties considerably.
Production was greatly facilitated by
the division of labor among each subchassis, the main chassis, and the
wrap-around.
The remainder of the receiver circuits and components such as power
supply, AFC thyratrons, controls, connectors, blower, etc., are included
on the main chassis and wrap-around case. The receiver is cooled by’
forced-air circulation.
A motor-driven
blower, mounted externally
at the rear of the receiver, sucks out air that is pulled through an air
This keeps the receiver within the
filter mounted on the top cover.
ambient temperature limits and pro~ides dust-free air circulated around
the tubes, transformer, power resistors, etc.
The receiver was designed with as close adherence to JAN specifications and approved components as possible.
This included complete
In order to determine whether
fungicide treatment and impregnation.
I Furtherdetails concerningshielding and mechanicalwmstructionare contained
in Chap. 10.
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or not these specifications were met, type tests were conducted.1
The
tests included operation of the receiver under altitude, temperature,
The receiver performance was
humidity, and vibration conditions.
satisfactory in all cases.
Particular sections, circuits, and special features of the receiver are
now discussed in more detail. A functional block diagram is shown in
Fig. 143.
14.2. Local Oscillator.—The local oscillator used is the type 726C.
This is a velocity-modulation
tube with self-contained resonant cavity.
It may be tuned mechanically by deformation of the cavity or electronicReflector ~

L,c.,1”11

beam
Resonant
cavity

FIG,14.4.—Simplified
sectionalviewof 726C

local

oscillator,

A schematic diagram of the
ally by variation of the reflector voltage.
construction is shown in Fig. 1+.4.
The tube will furnish at least 60 mw in the middle of its operating
range, which runs from 10.1 to 11.2 cm. The electronic tuning coefficient isapproximately
0.5NIc/sec per volt.
Power outputisobtained
by means of a small coupling loop located in the resonant cavity and connected to a coaxial line terminating in an output probe.
Several factors influenced the selection of the 726C as the local oscillator for this receiver.
It is small, easily replaced, and mechanically
tunable with a single knob.
Outwardly, this tube appears much like
an ordinary metal receiving tube, except for the tuning struts. One pin
on the octal base is replaced by the coaxial r-f output probe.
The corresponding socket hole must be enlarged for clearance of the splitter bushLRL Report N’o. 1160, Aug. 20, 1945
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ing into which the coaxial line and probe fits. Once the splitter and
socket
are assembled, the 726C
merely plugs in and out like any
ordinary tube. This makes replacement very simple as contrasted to the 2K28 which requires
removal of its entire cavity assembly.
A simple mechanical arrangement of a knob and insulated
shaft, fitted with a retracing spring
and socket, engages the tuning nut
for expanding and contracting the
cavity struts. The mounting of
the tube and tuning assembly can
be seen in the photograph (Fig.
14.5) of the receiver.
Tbe reflector connection is to the top cap. The
heater, cathode, and cavity are connected to pins on the tube base.

I

I

FIG,

(b)
(a)
splitter;(b) diagramof internal
14(i.-Power splltter. (u) Photographof tulw~~rld
construction.

14.3. 726C Splitter or Coupler.—Thc
tn oht ain 1,0 pmvcr for t\ro wpamte

po~ver splitter makes it possible
mixers simultaneously.
Power
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is fed to the mixers on coaxial cables of 50-ohm characteristic impedance,
which are terminated at the mixers by means of resistor disks. At the
operating frequency of this receiver, the optimum load for the oscillator
is from 22 to 25 ohms. The dimensions of the splitter are so chosen as to
provide the small amount of impedance transformation required.
Figure 14%a shows a photograph of the tube and splitter, and Fig. 14.6b
indicates the internal construction.
Insulation for direct current must
be provided on both the inner and outer conductors of the coaxial line
coming from the oscillator, since both are at the potential of the cavity,
The quarter-wave choke joints,
+300 volts with respect to ground.
labeled A and B in Fig. 14.6b, provide this insulation.
For best operation of the AFC system it is desirable that coupling of
signal frequency from one mixer to the other by way of the local oscillator be minimized (see Chap. 3). This may be achieved to some extent
by proper choice of the length of the section of the splitter between the
Since the oscillator cavity is tuned
oscillator and the branching point.
to a frequency removed from the signal frequency by the intermediate
frequency, the impedance seen at the coupling loop for signal frequency
will be low. If the electrical length from the coupling loop to the branching point is some multiple of a half wavelength, the impedance at the
branching point will also be low and will reduce power transmission from
one mixer to the other.
The characteristics of the 726C are such that the optimum load impedThis makes it difficult, if not
ance varies quite rapidly with frequency.
impossible, to design a splitter that will permit effective operation over a
frequency band much greater than
40 Me/see.
As far as the splitter
itself is c o n c e r n e d, operation
should be satisfactory
over a
much wider band.
14.4. Input
Transformer.—
The principles governing the design of the i-f input circuit to the
34
30
26
signal channel involving L1 and
Frequency in Me/see
T1 (see Figs. 14.8 and 14.10) have
FIG.14.7.—Bandpasscharacteristic.
been covered in Chap. 4. The
desired response characteristic for optimum noise figure (see Fig. 14.7)
has a width of approximately 8 Me/see between half-power points.
The
mutual coupling (in this case inductive) between primary and secondary
of Z’I is a little more than transitional, so that there is a small dip of not
more than 1 db at the midfrequency.
Both L, and T, are wound on small ceramic coil forms of the type
shown in Fig. 1023c.
A movable copper slug permits variation of induct-
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ante. The secondary of T, consists of a 23-turn single-layer winding.
The primary of four turns is wound over the ground end of the secondary.
The coil L, has six turns.
An extra complication is brought about by the necessity of reading
mixer-crystal current and of furnishing a bias voltage to the mixer during
operation.
If the low-potential end of the input transformer could be
grounded directly with a short lead inside the chassis, it would be quite
well shielded and isolated.
Since it must be brought out on a lead that
winds about the chassis considerably, a two-element filter is required
between the point where it enters the i-f chassis and the low-potential
end of the primary coil on T1. One element is a self-resonant 30-hlc/sec
choke L2, and the other element is a 100-ohm resistor RI; each element
is bypassed on both sides of O.001-~f condensers Cl., Clt, and Cl.. The
inductance in such a filter must be heavily damped to prevent undesirable
“ringing” after the transmitted pulse. It is not feasible to use several
100-ohm resistive filter elements because this would insert sufficient
resistance in the crystal current lead to bias the crystal excessively and
A similar two-stage filter is inserted in
hence reduce the sensitivity.
the crystal current lead for the AFC input circuit.
It is extremely important that the ground return leads of the input
circuits be isolated and have as near zero inductance as possible.
In
order to accomplish this, the initial ground return for the primary circuit Cla functions as an r-f short circuit and must be returned with very
short leads directly to the point where the i-f input cable enters the subchassis.
Grounding this first bypass condenser at some other chassis
point introduces a small amount of inductance which is a source of pickup
and common coupling bet~veen the i-f input circuit and other stray i-f
Owing to the high receiver gain, this results in instability and
currents.
It cannot be emphasized
often regeneration to the point of oscillation.
too strongly that provision of proper ground paths for the input circuits are
oj utmost importance.
14.5. I-f—AFC
Chassis.
I-f Channel. —This section is composed of
two channels, the signal i-f channel and the AFC channel.
As these
channels function independently, the i-f signal channel ~vill be dealt with
first. This consists of four 6AK5 i-f amplifier stages (see Figs. 148 and
14.9) of which the first two stages (VI=, VI ) are operated as triodes (screen
tied to plate) and the following two stages (Vz, Vs) as normal pentodes.
The input stage operates as a grounded-cathode triode, and the succeeding stage operates with a grounded grid. The reason for using two triodes in this manner is to obtain the low noise figure and consequent higher
sensitivity or signal-to-noise ratio that this circuit provides.
The theory
of this circuit is treated in Chap. 4. This low-noise circuit was not
included in the original design, which consisted of three 6AC7 pentode
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stages. The noise figure of the complete i-f signal channel was 4 dtJ.
After replacing the three 6AC7 stages by the four 6AK5 low-noise input
stages, the receiver i-f noise figure is reduced to 2 db. This produces as
much improvement in the performance of the radar system as an increase
in transmitted power of 50 per cent.
The remaining two i-f stages in this chassis section are standard
pentode 6AK5 amplifiers with single-tuned circuits tuned to 30 hIc/sec t,y
adjustment of L5 and L,.
Any drop in plate voltage due to the plate-load
Four6AK5’s
220
220
Ld ~-

+150 reg.
220 f221)

.
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C4 ‘

v1.
II,

Fromsignal
T
‘ixer
~.
a
“

JsEk
L8

L,
L-

d-””-”- ,,,,,,,,
---

50nT;~
Uu

,

~

“.“

“-‘

’56
FromAFC
mixer

L3
~.
=
z

.,–-,. nm.

.“-

-,S-U.UU1

Oou

FIG. 14. S.—CLrcuit

Lm”3’
,,, -.-J-..-.m, .urmx,
ssr>
in heater circuit
0.001

of i-f—AFC chassis.

resistor is prevented by a parallel 30-Mc/sec self-resonant choke wound
N“ote the use of button mica feeclthrough
on the resistor as L, on R,.
condensers such as (73 and Cl that bypass the supply-voltage leads.
High-dielectric-constant ceramic condensers, because of their small size,
are used universally throughout the receiver for i-f bypass purposes on
screens, heaters, etc., Where voltages do not exceed 1.50 volts and where
Small molded bakelite chokes are used in the
high Q is not important.
heater leads in a progressive filter arrangement.
These chokes have low
inductance but provide sufficient reactance at 30 Nlcisec to isolate the
heaters satisfactorily.
Since the 6AK5 is a miniature tube, the parts and
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circuit elements must be as small as possible in order to be supported
directly on the small socket pins and to fit in a restricted space.
Gain Control.—A switch (S1, Fig. 14.10) permits control of receiver
gain by either a local contro! in the receiver or a remote control in the
control indicator.
Ordinarily gain-control voltage would be applied to
the second i-f stage (see Chap. 9). However, in this case the gain of the
two triode stages combined is only about that of a single stage operated
as a pentode, so the following two pentode stages V2 and V~ are con-
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trolled.
It is important that the grid-to-ground resistance be kept as low
as possible.
The gain-control lead contains a resistance-capacity filter
whose RC time constant must be kept as short as possible while providing
i-f decoupling.
The gain control itself also enters into this time constant
If this is not done, large signals
and must also be kept low in resistance.
of some duration may cause grid current or changes in d-c level which
build up on the circuit capacities and block the tube so that it does not
recover soon enough after the signals cease. This causes a “dead”
time during which the receiver does not respond to weak signals. Refer-
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to Fig, 1-I.1O S11OY;S
that the clccwupling resistors R5, Rg, R~e are
quite small and th:~t the ~ain-control lcacl can never have more than 1800
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densers C,, t76, Cll, the RCconstant insufficiently short.1 This assumes
that the gain is set at minimum where all the potentiometer resistance is
At higher, more normal gain settings, less resistances
in the circuit.
uied in the gain control and the shunt resistance of R~s and RZhbecomes
much lower, thereby producing an even shorter time constant and more
rapid recovery.
AFC Channel.—The AFC channel in the i-f—AFC chassis contains an
i-f input circuit very similar to the signal i-f input stage except that a 6AC7
is used. Owing to its higher input capacity, the secondary of Tz has
fewer turns in order to resonate at 30 Me/see.
The pass band should
be adjusted for transitional cou31.5
pling which in this case results in
Disc output
of about 10 Me/see.
a bandwidth
volts
The bandwidth of the input circuit
is not governed by noise or sensitivity considerations, since the AFC
Frequency in Me/see
circuits operate directly from the
29,7.strong local transmitted pulse con3CI
verted to 30 Me/see.
The bandI
width is made quite wide because
28.5
the shape of the bandpass characFIC. 14.11 .—Discriminatorresponse.
teristic will then change very little
with variations in circuit constants ordinarily caused by changing tubes,
crystals, or mixers.
Once properly aligned, the input circuit should
require no furt her adjustments unless Ls or Tz requires replacement.
This i-f stage is followed by a standard discriminator circuit commonly
used for AFC.
The bandwidth of the dkcriminat or characteristic is
approximately 3 Me/see from peak to peak as illustrated in Fig. 14”11 in
which output voltage is plotted against frequency.
Loading the secondary of the discriminator transformer Ts by resistor R g1 makes the response
linear between the peaks. The discriminator output is direct-coupled to
the video amplifier.
Proper discriminator symmetry and crossover fretune the
quency are obtained by adjustment of C~ti and C49b which
primary and secondary, respectively, of T3.
Since the local oscillator operates at a higher frequency than the
transmitter and normally sweeps from a higher to a lower frequency,
the difference frequency resulting will also vary from a frequency higher
than 30 Me/see to one lower than 30 Me/see.
Inspection of the dkcriminator characteristic shows that the resulting oUtput voltage Of V16
will be first positive as the frequency approaches 30 Me/see, zero at
30 Me/see, and finally negative as the frequency becomes less than

I

1.4pproximately4 @cc. To be strictly correct the capacity contributed by the
coupled circuits through Chand C1~should also be taken into consideration.
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It is the negative voltage output that operates the AFC
circuits after amplification and inversion by the video stage VI, to a
positive pulse, which triggers the 2050 control tube and locks the 884
sweep tube.
The video amplifier is operated as an “ on” tube, that is, with a large
voltage drop across the plate load Rbg and little applied bias so that a
negative pulse on the grid will bias the tube toward cutoff and allow the
plate to rise toward the supply voltage.
Sufficient bias is maintained on
the tube by the cathode resistor R6T to prevent grid current. The
sensitivity of control of the LO frequency is dependent to a large degree on
the gain of the video stage. If the gain is large, only a small negative
input voltage is required to trigger
the thyratron circuits and lock
the oscillator at the correct frequency. The supply voltage to
plate and screen of this video stage
must be well filtered and regulated in order to prevent any
pulses or power-supply ripple from
triggering the 2050 tube, which -— ___ J’ L ____________
FIG.14.12.—Circuitfor manualtuningof the
may occur if these effects are
oscillator.
allowed to exceed 1.5 or 2 volts.
The thyratron control circuits are external to this chassis section.
Since
they are very similar to the circuits described in detail in Chap. 3, they
will not be described further here. The circuit arrangement for manual
tuning of the oscillator is shown in Fig. 14.12.
14.6. I-f—Clutter Chassis.—The second subchassis i-f section contains
the three remaining i-f stages Vi, V6, V6, which are quite similar, and the
second detector VT. Figure 14.13 shows a circuit diagram of the chassis.
The last stage Vb is a 6AG7 operated at a plate potential of 280 volts.
This is done to increase the maximum output of the i-f amplifier under
overload conditions.
The preceding amplifiers utilize 6AC7 tubes
(V,,VS),
and all three i-f stages are single-tuned circuits adjusted to
30 h’Ic/sec by inductances Lg, L1l, L13, and L23. The bandwidth of the
complete i-f channel is between 1 and 1.5 Me/see and is determined by
the loading resistors, which in this section are R w R1.s, and the parallel
combination of R21~,Rz,b.
The three back-bias circuits are closely associated with the last three
i-f stages, as inspection of Fig. 14.13 will show.
Vi, operates to bias
The
back V4; VIZ and VIS operate similarly on Vs and VG, respectively.
three IAGC circuits are put into operation simultaneously by means of
three interconnected relays remotely operated by a switch at the control
indicator. These relays switch the grid returns of the last three i-f
30 hIc/sec.
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grid chokes from ground to the cathodes of the IAGC stages. For
normal operation, resistors Iiwa, ~id~b,and Rdo. are connected in each grid
The three
return to ground to prevent the possibility of oscillation.
IAGC circ~lts each ut-ilize a 71% tube.
The second detector VT is one section of a dual-diode 6AL5. ‘his
detector is connected for negative output and converts the :~mplified i-f

L;

&

FIG.14.14.—PhotoRraph
of i-f—clutterchassis-bottom view, Vi, VS, V,, i-f amlJfmrs;V7, dualdetectorfors,gnalchannelandDBB rircuit;v,,, V12,v,,, 1.4GCor back-bias
button fccdthroughcondensers;,7,, E,, instages;VI~, DBB antlrluttcrstage; (’n, C~<,,,
sulatedKovar fcedthroughterminals;K,, K,, K,, 1.LGC relays; Ks, DEB relay; Lg, L,,,
LIZ,Lza,30-M c/sec tuningcoils; LM-l, dclfij- line; h’,,, R,., potcntiometei-s for adjusting DBB
operation.

signals into video signals for the grid of the video limiter amplifier Vs.
The low value of load resistor 1?,, necessary to preserve good pulse
response requires that the internal resistuncc and capacities of the diode
be as low as possible in order that most of the signal be developed across
the load. The 6AL5 is one of the better diocies suitable for such operation. Filtering for intermediate frequency is provided by LIG and CW

366

AN AIRBORNE

RECEIVER

[SEC.

147

Direct coupling to V, is normally used. Direct coupling keeps the limit
level of V, more constant and eliminates the overshoot or tail that often
occurs after a signal pulse of considerable duration when condenser (a-c)
coupling is used. For normal operation this condenser would have to
be large to prevent differentiation or change in the average voltage across
the coupling condenser during a long block of signals. Under certain
conditions involving heavy clutter interference, a short-time-constant
a-c coupling circuit is advisable and will be described subsequently.
For
this reason provision has been made for inserting a fast-time-constant
coupling circuit of approximately 1.5 gsec by means of an independently
operated relay KA.
The remaining section of the 6AL5 diode VT is also used as a detector
of the same i-f signal, but its output is applied to the D13B clutter circuit. This DBB detector circuit furnishes signals of positive polarity to
a delay line Lz5af followed by a combined linear amplifier and d-c restorer
VI,.
These amplified signals are then applied to the normal detector to
reduce its sensitivity after a delay of ~ psec or so, as determined by the
delay line constants.
‘l’he complexity encountered when extensive auxiliary control circuits are combined with the i-f channel entails considerable care in design.
Components must be situated close to the circuits ~~ith which they are
associated, and precautions taken to keep leads short and yet retain as
much isolation and reduction of stray coupling as possible.
The assembly layout of this chassis in Fig. 14.14 shows in general how this was
accomplished.
Button mica feedthrough condensers, small ceramic condensers, and self-resonant heater chokes are also used in this chassis.
It was found necessary to connect the suppressors of Vi and V, to their
cathodes instead of to ground because some 6AC7 tubes were not entirely
stable in the more normal arrangement for reasons that are not clear.
However, all operated with stability when connected as shown. The
cathode resistors Rls, RIT, Rzo in the controlled i-f stages should be as
high as posssible, without sacrificing gain, in order to provide sufficient
d-c degeneration in case the idling back-bias voltage supplied from the
This
cathodes of the IAGC tubes Vll, V12, V13 are slightly positive.
occurs with some 7F8 tubes as a result of allowable variation in their
characteristics.
A more detailed description of the IAGC, DBB, and
FTC circuits for discrimination against undesired signals is given later.
14.7. Video -amplifier Limiter.—The signal-channel second detector
supplies negative video signals to the 6AC7 video amplifier Va (see Fig.
14. 10). This tube serves as a combined amplifier-limiter as described in
Chap. 8. The total voltage drop across R28 with no signal is the maximum positive signal available to drive the cathode follower, since any
signal applied to the limiter grid greater than the voltage required to cut
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the tube off will only maintain the plate current at zero and produce no
additional signal output.
By controlling the plate current or voltage
This
across hh?r,the amplitude of the output signal may be adjusted.
is done by adjustment of the screen voltage potentiometer RZS6,which
varies the plate current over a restricted range. By this means it is possible to set the cathode-follower output signal to its normal level of 6
volts.
Since this receiver is employed with a high-powered radar system, it is
capable of receiving echo signals at ranges up to 200 miles when operating with high gain. Under these conditions large blocks of signals may
produce limiting output for a period of 1000 psec, equivalent to 100 miles
or more. If the low-frequency response is not sufficiently good, a 100mile block of signals will not hold up but will gradually fall off in amplitude. When the signal ceases, this may result in a dead time (overshoot)
during which a weak signal, if present, would be undetected.
Some 10wfrequency compensation is therefore included after standard practice
by the inclusion of CS9and Rzq. Increasing C40 would be desirable, but
video oscillation or “motor-boating”
frequently occurs.
The Rz~CS9 compensation functions as if C40 were made larger.
The suppressor
resistor I?S4is necessary to prevent a parasitic oscillation which occurs
with some tubes under pulse conditions.
14.8. Cathode-follower
D-c Restorer.—The
chief function of the
6L6G.4 cathode follower V9 is to act as an impedance-matching device
from its high-impedance input to a low-impedance output for driving a
low-impedance (100-ohm) cable.
Care must be exercised to ensure that
the tube ratings are not exceeded.
The tube is rated for an absolute
maximum of 21 watts dissipation as a triode. The no-signal (idling)
current for the tube is 40 ma with —24 volts of fixed bias provided b~the bleeder R,l and l?,, (Fig. 14. 10). The drop across the cathode 100ohm load resistor is 4 volts.
In order to obtain the 6 volts of limited
output signal, the current must be increased 60 ma through the cathode
resistor. This means that the peak-current value is 100 ma during the
full 6 volts of output signal.
The plate and screen are at +3oO volts so that the peak power is
approximately 30 watts.
However, the average power is less than this
value, since signals do not stay at saturation or peak current level for the
whole elapsed time between each recurrent pulse. With solid land-echo
signals, a saturation range of 160 miles may be obtained.
The elapsed
time between pulses is ~~u see, or 3333 psec, while a solid 160-mile signal
return represents about 1600 gsec. The duty cycle is therefore the ratio
of the “on time” to the total time, or 1600/3333, which is about 48 per
cent duty cycle.
Thus the average power is 0,48 X 30, or 14.5 watts.
In addition to
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the signal
power, a certain amount of noise poweris also present. For
normal gain settings with some of the noise peaks limiting, a good figure
for the average noise po}ver is 20 per cent of the peak power, so 0.2 X 30
watts gives 6 watts of noise po~ver. This, added to the signal power of
14.5 watts, gives a total dissipation of 20.5 watts under fairly severe conditions.
Usually the total dissipation will be below this value.
The +3OO plate voltage of the cathode follower is secured from the
Fig. 14.19).
Due
center tap of the power-supply filter LwC, L,,, (see
to the high peak currents of the 6L6GA during signal response, the voltage output from the power supply will be lof~ered if the plate voltage is
obtained from the output of the filter at C63C. This condenser acts
mainly as a reservoir condenser, and its voltage will vary with high peak
currents of some duration which are also reflected at the same time on
Ve, V,, and the local oscillator ~’26. This voltage drop produces several
undesired effects. The output level of the receiver does not stay constant, and low-frequency
motor-boating
occurs because of feedback
through the common power-supply impedance to other stages. In
addition, the accelerating voltage of the 726C local oscillator will become
modulated during motor-boating or lowered in voltage during long blocks
of signal. This tends to change its operating characteristics and shift
its frequency, as well as reduce its power output by changing its operating frequency.
These effects are quite serious and are avoided by supplying the plate voltage for the 6L6GA from the midpoint of the filter. Even
if the voltage of C63b \“arics somewhat during signal response, the output
voltage at cesa is quite constant due to the isolation afforded by the filter
section LSAG.
Its purpose is to allow only
The d-c restorer J’10 k a CJAL5 diode.
positive polarity signals to operate the grid of lr~ and to maintain a
It is so connected that for any negative
fixed grid operating voltage.
signal or charge on tho grid of Vg, the 6AL5 conducts and acts like a
short circuit.
The low diode resistance of approximately 50 ohms allows
the grid to recover quickly, since the time constant of the grid and coupling circuits is very short, during conduction.
The grid resistor Rio
is 0.5 megohm and provides the high-resistance input during normal
positive signal response.
14.9. Crystal-metering Circuit.—A O- to l-ma meter is provided on
the receiver for measuring crystal current in either the signal mixer or the
AFC mixer in order to adjust the LO power for 0.3- to 0.4-ma crystal
current which is the normal operating value. A spring-return doublepole double-throw switch (S,, Fig. 14. 10) is arranged for connecting either
crystal to the meter circuit.
N“ormally, the spring return keeps the meter
in the AFC crystal circuit, and the sl[-itch must be held in the other position to measure the signal crystal current. In normal operation the cir-
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cuit is arranged to provide a small positive bias, established by the bleeder

RGI,R,,, to the signal crystal.
This bias improves the noise figure of the
receiver slightly due to a small reduction in the crystal conversion loss.
The switch Ss is a four-pole double-throw switch which reverses the
meter connections and provides a suitable negative potential for the crystal to measure the “back current. ” This potential (1 volt) is supplied
ratio of crystal resistance
bythebleeder
Rbg, R60. The “front-to-back”
The forward resistance is
is a fair indication of good or bad crystals.
usuall~low and fairly constant, 200t0400 ohms. The back resistance is
quite high and may vary considerably.
A high ratio of back-t~front
resistance is desirable, and crystals with a low ratio usually do not perform well. If the back resistance of a crystal becomes too low (less than
This is indicated on the meter by a
6000 ohms), it should be replaced.
reading of 0.15 ma, and crystals in either mixer that show a back current
exceeding this value should be discarded.
This provides a quick and
convenient method of testing the crystals without removing them from
the circuit.
14.10. Signal Discrimination Circuits.-The
receiver contains some
Any undeof the most recent circuit features for signal discrimination.
sired signals encountered during the reception of echo signals may produce
interference. This interference may come from several sources, such as
1. 13nergy reflected back from the surface of water, commonly known
as “sea return. ”
2. Concentrated land signals as hills, buildings, etc.
3. Dense cloud regions.
Four types of circuits have been found useful. Almost always two
and frequently three of these circuits may be used simultaneously to
advantage. This is, in part, because the dynamic range for optimum
operation of these circuits is limited and additional circuits may be needed
to help carry the load.
Then, too, a circuit that is used to prevent video
saturation and that operates on the last i-f stage or later cannot prevent
saturation in the preceding i-f stages; hence, other circuits are needed.
The position of the four circuits IAGC, DBB, FTC, and STC are
shown in the block diagram Fig. 14.3. The first three of these circuits
The STC circuit operates on the
are contained in the receiver proper.
receiver, but its circuit elements are located in a separate unit.
14.11. The IAGC Circuits.—A diagram of a single i-f amplifier stage
Vb and its associated L4GC circuits V12 is presented in Fig. 14.15 to aid
This is identical with the circuit included
in describing IAGC operation.
in the complete schematic diagram of Fig. 14.10. Symbol designations
are also identical.
The IAGC or automatic back-bias circuits are designed to increase
the negative grid bias of an i-f stage when the output of that stage gets
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This produces J
above some value detmminwl by the circuit constants.
decrease in gain and prevents saturation of the i-f stages so protected.
Back-biasing is prefcrabl}- applied to individual stages in the last half of
the i-f channel.
Amplification is needed in the back-bias circuits.
This
is accomplished together ~vith least phase-shift difficulties (phase shift
may cause oscill~tions) by a diode detector that is coupled to a cathode
output amplifier that has zero phase shift.
Figure 14.1.5 shows that l’,? is z twin triode 71?8 tube, the first section
of which is operated as a cliodr drtcctor (plate tied to grid) with negative
output.
The remaining triocle section is directly coupled to the output
The
of the dio(lc sm,tion in what is Lmo\~nas a “ bootstrap” circuit.
output of the i-f sta~e t’s divides lxt}veen the follo~ving stage in the i-f
The i-f voltage will, therefore,
channel aml its olvn Lmck-bias circuit.
be developed across the self-resoFrom preceding stage
c*!a
nant coil LZI and applied to the
–----151uuf
/ T--–
–-–
cathode of the diode section of
&=C*Z
IT,0 rollow)ng
, ,,
V’1,. The lo~~er en(l of this coil is
151,1L)Jf
L ~3fl.1
stage
connected through the resistor R4;
I 1500
---—.
-to the cathode of the amplifier
I R18
6~C7
1=
~ R,6
I
section.
Both cathodes of VIZare
ltlj~
fed from a supply – 105 volts
i,...l
&
!I
through 28,OOO ohms, and + 150
- ,“ Joool$ 4500-#2f
Rdob volts is also applied to the plate
i’
330
+150 i
of the triode section.
The circuit
l-f
amplifier
stage
L_
–_––-–––
J
out
is so designed that the cathode
(Pin 5) of the triode section will
.K:_&&?
be at ground potential when no

]
-F
)

‘b 1

IS present.
RU and R~5b,
1.3 megohms and 27,000 ohms,
I
respectively, form a voltage diI
; 7F8
vider between – 105 volts and
ground that holds the grid (Pin 8)
of the amplifier section at about
– 2 volts.
This value of grid bias
corresponds
to a triode cathode
L .- —- ———————_— ,—’”.)”
current of approximately 3.5 ma
I’Ic+.14.15.—I-f and IAGC circuits.
which produces a drop through
the 28,000-ohm cathode resistor I?lz of about 100 volts and makes the
cathode stand -at ground potential +0.7 volt.
The resistor RW also
serves as the diode load.
When a 30-iVIc/sec i-f signal is fed to the cathode (Pin 4) of the diode
section, the tube becomes conducting and produces a negative output
signal. Since this negative output is coupled directly to the grid (Pin 8:
signal

‘1=
1

---V*A
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of the triode section, this grid also becomes negative and is closely followed by its cathode which also feeds back to the diode cathode to make
it more negative.
‘l’he whole circuit is, therefore, a positive-feedback
bootstrap arrangement, a given signal tending to reinforce itself. The
primary functions of R iT~are to provide a small amount of delay bias and
Obviously the back-bias voltage
to control the amount of feedback.
should not operate to bias off the i-f stage until the signal reaches a
certain level; otherwise the IAGC circuit would immediately begin to
back-bias the i-f stage as soon as signals are present and reduce the gain
and output too soon. The 6AG7 in the last i-f stage, because of its
larger dynamic range and greater grid cutoff characteristic, requires less
For this reason the resistor
delay and more gain in its IAGC circuit.
equivalent to RJT5(Fig. 14”10) is omitted from the cathode of its backbias amplifier Vls.
The output of the IAGC circuit is taken from the cathode (Pin 5)
With increasing signal strength this
of the 7F8 back-bias amplifier.
This negative voltage is
cathode becomes more and more negative.
fed back to the control grid of the i-f stage Vs, when the relay is in the
proper position, by Ivay of R4G6and ~10. The resistor ~46b (360,000
ohms) and the i-f coupling condenser CZZ (51 ~~f) together with the
associated ~riring and tube capacitance result in a time constant for the
circuit of about 30 ~sec. The reduction of the i-f gain at the beginning
of a very large signal and the recovery to normal gain on cessation are
slowed up due to this time constant.
With this back-bias circuit arrangement it is, of course, impossible
to cut off completel~< the i-f stage and reduce its gain to zero, for, in such
a case, there would be no signal fed to the lAGC circuit to provide a
back-bias voltage.
The voltage gain of a complete IAGC circuit from the diode input to
the cathode output is about 20. The maximum back-bias voltage that
can be developed, before saturation occurs due to a large c-w signal,
is about —40 to —45 volts if this voltage is not allowed to bias the i-f
stage and —8 to —10 volts when applied as back bias. It can be seen
that the gain of the i-f stage for strong signals is greatly reduced; hence
the IAGC circuit does reduce overloading and prevent i-f saturation by
strong signals which otherwise would make discrimination of small
signals impossible.
14.12. Detector-balance-bias
(DBB) Circuit.—The DBB circuit is
designed to bias the signal channel detector by an amount sufficient to
keep the high-frequency components of clutter from saturating the video
amplifier. To accomplish this, the output of the last i-f amplifier is
divided between two detectors, the normal signal channel second detector
]~ith negative output and the DBB detector with positive output.
This
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positive output is delayed by a delay line and then fed to a positiveoutput linear amplifier, the gain of ~vhich is different for direct current
than for high frequencies.
The amplifier output is used to bias the
normal signal detector an amount sufficient to remove the d-c term from
C-IV interference or an amount sufficient to keep any but the highest
peaks of clutter from saturating the video.
In general, the DBB circuit
has a rather small dynamic range and must; therefore, be preceded by an
i-f amplifier well protected by L\GC.
‘l’he DBB circuit operation is described with the aid of Fig. 14.16.
The positive-output
I)BB detector operates into a ~-~sec delay line
(2nddet)
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FIG. 14.16 .—DBB

All capacitance valves
in g~f unless marked

R55
1000

signal-discriminating
circuits.

Lntif of about 2400 ohms characteristic impedance.
The output of the
delay line is applied to the cathode-output amplifier section of V14 which
feeds a positive voltage back to the cathode of the normal second detector
when KS is in the DBB position.
The remaining section of Vl, is connected as a diode and employed for d-c restoration at the amplifier grid.
R4,g(2400 ohms) is a termination at the input of the delay line to suppress
multiple reflections back and forth in the line, since the output termination is not close enough to absorb all the pulse energy.
The linear amplifier is coupled by a bootstrap circuit arrangement,
and the gain of the tube alone is very nearly unity.
It can be considered,
therefore, that the grid and cathode maintain a fixed voltage difference;
that is, they go up and down together.
Resistors and voltages employed
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in the circuit are such that the cathode of the amplifier is practically at
ground potential with no signal present.
I-f signals of 30 Me/see applied to the DBB detector result in positive
signals which are passed through the delay line with a ~-~sec delay to
the network of R. consisting of RST (2400 ohms), i7E~and C~Gin parallel
(12,000 ohms and 0.5 ~f)j and I& The signal across R, (1?,, set at 40,000
ohms) is applied to the DBB amplifier.
The voltage across Rb depends
on the character of the 30-IVIc/sec i-f signal. The network Ra, Rh has a
frequency characteristic such that the output voltage is dependent on
whether the i-f signal fed to the DBB detector consists of 30-Llc/sec pulses
or c-w. For a given level of i-f signal the ratio of the voltage output of
this network to that applied is &/&.
For direct current (resulting from
c-w signals) R. is RET plus RES, and the voltage gain of the network is
therefore
~d, = ~

= B,,

40,000
R5,
-+ h?,, = 2400 + 12,000

= 2.75

(approximately),

The loss of gain through the DBB detector is approximately this same
value (2.75); and since the amplifier tube gain is unity, the over-all DBBcircuit gain must also be unity for the case of c-w signals.
For 30-Nlc/sec clutter input to the DBB detector the voltage gain
of the network is modified because of the high-frequency components
Ra becomes only 2~oo ohms, since C46 (0..5 ,af) acts as a short
involved.
circuit for high frequencies; hence, the pulse gain is
&

$“””= z. =

40,000
—
= 16.6.
2400

Again the DBB detector loss of 2.75 and unity gain of the DBB amplifier
result in an over-all pulse gain in the DBB circuit of 16.6/2.75, or 6.
The delay line is composed of several cascaded sections in order to
keep its physical size small and yet maintain a fairly uniform frequency
response. Its delay characteristic should ordinarily be equivalent to
one-half of the pulse length (~) used in the radar system.
Various
other resistors are used in the DBB circuit to provide proper operating
voltages. R,, is an adjustment for setting the gain in the DBB circuit
and is normally adjusted to 40,000 ohms. RSSis an adjustment for compensating differences between individual 7F8 tubes after replacement.
Thk potentiometer (1000 ohms) controls the amplifier grid voltage and is
adjusted for each tube so that the voltage at the DBB amplifier cathode
is +0.5 volt when no signal is present. This value balances out the
normal second detector contact potential which averages about —0.3
to – 0.7 volt.
The d-c restorer is employed to prevent any overshoot,,
due to the discharge of C,, at the end of a long block of signals, from
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causing the grid of the amplifier to become considerably negative.
If
thk were allowed to happen, the high negative voltage applied to the
second detector cathode would prevent its proper operation.
A small amount of pulse energy is supplied to the second detector
output out of phase with the normal DBB feedback voltage.
This
video neutralization is required to balance out a spurious pulse produced
When i-f
when the DBB is operating under pulse signal conditions.
pulse signals aresupplied tothe DBB detector, theresulting video pulses
Due to various
are fed back to the normal detector cathode circuit.
circuit capacities and resistances, including the interelectrode capacity
of the second detector, a differentiated video pulse is present at the outThis spurious pulse is canceled out
put of the signal channel detector.
by a pulse of opposite polarity obtained from the plate circuit of the DBB
amplifier.
The capacitor C70 and resistor R6Z provide the same video
response in the plate circuit as in the cathode of the amplifier, and the
Of neutralizing
lo-~pf COUPl@ CaP2iCitOrC69 provides the COIT43Ct amOUnt
voltage.
The DBB operated alone is not satisfactory but when supplemented
by IAGC (with long time constant) is quite effective for removing clutter,
such as clouds.
The IAGC should always be used with the DBB circuits in operation.
14.13. Fast -time-constant
(FTC) Circuit.—The FTC circuit is an
IW-filter inserted between the second detector and video amplifier.
This
filter acts as a high-pass coupling network with an R(7 time constant of
about 1.5 ~sec. Low frequencies or long blocks of signals will not pass
through the filter. The time constant of the FTC circuit should be
of the same order as the pulse length of the system.
Inspection of Fig. 14.10 shows the simplicity of the FTC coupling
circuit.
lirith the relay K~ switched to FTC operation, the normal d-c
coupling from detector to video grid is removed, and coupling is provided
through the small 51-WWfcapacitor C~T. The resistor Rja (’27,ooo ohms)
is included in the video input from grid to ground across the 2.2-megohm
resistor RaL. The low-frequency response is now determined by the
50-p~f capacity and the series resistance of Rzz, R2S. Resistor Rzb may
be neglected, since it is large compared with l?~aor Rj~.
14.14. Sensitivity-time-control
(STC) Circuit.—The ideal objective of
the STC circuit is to vary the receiver gain in such a way that targets of
the same effective area will appear on the PPI scopes with the same
intensity, regardless of range. This, of course, cannot be fully realized
in practice.
Assuming a fixed amount of transmitted power and the
transmission path to the target free of interfering objects, the received
power reflected back from the target is proportional to the reciprocal
of the fourth power of the range. This means that there is 625 times as
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much power returned to the receiver from a given target at 10-mile
range as from the same target at 50 miles and 10,000 times as much as
from the same target 100 miles away. If the receiver gain is adjusted
sufficiently high to observe distant targets, serious overloading with
accompanying loss of discrimination will result for near-by targets in
the sea-clutter area. On the other hand if thereceiver gain is adjusted
for best results inthesea-clutter
area, distant targets maynot be visible
at all.
The STC circuit automatically reduces the gain of the receiver to a
suitable value immediately after the transmitted pulse for a time corresponding to the range of the heavy sea-clutter area. The gain is held
+ 300 v
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constant for a period of about 100 to 500 ~sec (depending on sea-clutter
conditions) and then increases to a maximum value in accordance Ivith a
time constant in the STC circuit having one of two possible values. A
double triode tube (6SN7) with associated resistors and capacitors COOstitute the STC circuit.
This unit (shown in Fig. 14.17) is separate from
the receiver proper and is connected to it by a suitable cable.
This
permits location of the unit where the controls are readily accessible to
the operator.
The STC circuit may be omitted, if desired, and manual
gain used, in which case the gain is constant.
A schematic diagram of the STC circuit is shown in Fig. 14.18,
Apositi~,e 150-volt trigger pulsc~vllicll orciinarily triggers tile transmitter
is also applied to the STC circuit,. This pulse applied to the grid (Pin
1) of the first 6S!S’7 trio{ir section makes ithlghly cond~~ctive duringthc
puke and charges the 680-puf capacitor

C,

to

very nearly its cathode
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potential.
The catho{ie (1’in 3) potential is determined by the value of
‘1’his potentiometer adjustment controls the depth
h’i au(f is adjustable.
of dri~~e,that is, the ~alue uf ne@ive voltage to which C3 can be charged.
This is also the voltage apphecf to the grid of the second triode section.
The rate at which the capacitor discharges and consequent~y the change
of grid voltage at ~ \~ill depencl largely on the values of R7 and R8.
The time constant with R, alone gives a slow recovery time, while 1?,
placed in parallel with Rs by S’1produces a more rapid recovery,
With the depth of drive control R, in the OFFposition, the cathode of
V15shoulcf be at zero potential, and this calibration is made by setting
Knder this condition gain is conthe grid voltage by means of Iill.
trolled manually in the norrnol ~vay by the control RW When STU is
applied by increasing the drive with R4, the grid of V~~and Ca fall to a
considerable negative value. The tube behaves as a cathode follower,
and consequently a negative voltage output from the cathode (Pin 6)
is developed in series }rith the receiver gain control RN. The corresponding reduction in receiver gain conforms to the STC output waveThis waveform indicates that the xcceiver
form at point C as illustrated.
gain maJr be reduced to some adjustable value, held constant for an
adjustable length of time, and then recover to normal ~vith a selected
time constant.
The potentiometer R, controls the potential of the grid at point B
after the trigger forces conduction in VI.. This potential may be made
large enough to cut off Vl~.
The resistor h’8 or 1?sand R, in parallel together with c, determines the
recoverl’ time of point B to its normal potential.
Rl, determines the maximum ffat height or the minimum receiver
gain if point B is driven sufficiently negative to cut off Vlt,. The output
voltage at point C is then held constant during cutoff until point B is
sufficiently recovered to allow the tube to conduct again. The duration
of the flat is ckpendcnt on the setting of R i and also the recovery time
constant. I)ue to the time const~nt, the potential ~vill continue to rise
exponentially to the normal gain value determined by the setting of
R,S. It is evident that R4 may be set so that the flat or cutoff point is
not reached, in ~vhich case the recover.v of receiver to normal gain begins
immediately after cessation of the trigger pulse.
TO summarize, the sensitivity-time-control
circuit is triggered at
each transmitted pulse, reducing the recei~rcr gain to a predetermined
value. This reduced gain may be held constant for a time corresponding
to a range of about 10 to 50 rnilcs, thereby preventing overload of the
The
receiver due to the strong near-by or “close-in”
sea reflections.
gain then rises to the maximum value in a time corresponding to a range
of approximately 50 to 150 miles. Obviously, the sea-return echoes
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decrease gradually with increasing range, hence the slow instead of abrupt
recovery time. This device is extremely useful for detecting targetsin
an area of heavy sea clutter.
14.15. Power Supply.—A single transformer T1 operating from a
primary supply of 400t0800
cyclesat 120volts provides all power used
in the receiver. The high-voltage winding supplies a nominal voltage
of 415-o-415 to a full-wave rectifier VZZ, which pro~ides positive plate
voltages of +300, +280, + 150 unregulated and +150 regulated by a
VR150 tube V,,.
These voltages are suitably filtered by a two-section
005

c 65”

0.1

vreg.

L35

L3,L36

FIG.14. 19.—Circuitof powersupplyandheaters,
choke-input inductance capacity filter, LW and b, C63. and b. The dual
choke has 3 henrys per section (see Fig. 14.19).
A 5R4GY tube is used for the plate-supply rectifier only because
other units of associated equipment employ a tube of the same type in
similar power supplies.
This reduces the number of different types of
tubes required in the complete radar system.
A 5U4G will operate quite
satisfactorily and might otherwise be used.
A ,6X5GT/G
half-wave rectifier VZOprovides negative voltages of
– 105 and – 255 regulated by a VR105, V,,, and a VR150, v,,, connected
in series. A resistance-capacity filter RES,Ccla, C.$lais sufficient f or this
supply.
The resistor Rw, across V2S is necessary to balance the load on
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the negative-voltage supplies so that the current through the VR tubes
will remain within the correct operating range.
Another 6X5GT/G
half-wave rectifier Vzl with the resistancecapacity filter RS9aand b, C65. and b supplies a negative I’oltage of about
-800volts
forkeep-alive ~oltageo ntheexternalT Rtube.
This supply
is purposely built with poor regulation, since it operates a low-current
gas discharge.
The voltage at ~G ~vith the TR tube connected is about
–5OO volts. The keep-alive rectifier circuit is somewhat unusual, since
V,, operates asa half-wave voltage doubler but isalsoconnected
to the
negative d-c output voltage of Vzo. The d-c output from the bias supply
is therefore added to the rectified output of the voltage-doubler
circuit,
This permits V,l to operate within its ratings and still furnish the required
high negative voltage.
It also reduces the number of tube types, since
1’,, and V,, are identical.
Furthermore, the need for an additional
filament and high-voltage transformer winding is obviated by this circuit.
Any changes of the –105-volt sLIpply to the gain-control circuit or
of the +150-volt supply on the screens of the first four i-f stages, such as
those due to ripple or high peak signal currents, will appear as a modulation of the gain of the receiver and hence of the signal or noise level.
Such an effect is undesirable and is eliminated by applying VR-tube
regulation to these supply voltages:
When the receiver is operated under conditions of no-signal input,
all relays unenergized, anti the gain high enough so that receiver noise
operates the 6L6G.L at a 30 to 35 per cent duty c~fcle, the power-supply
ripple voltages are as follows:
Sllpply Wltage
+300 unrcgul:ited(6L6G.\only)
+280
+150
+150 regulated
–105
–255

Ripple voltage
0.90
0,50
0.30
0.20
o 25
(1 60

The puiver transformer ( 2’4) ratings are as f ollons:
Fri.
Se[!.

T“olts
120115

1
S(’C.2
Sec. 3
Sec. 4
S(X.5

415-0-415
6.3
6 3
5.(I
6.3

.~lllpcrcs
1 93

0 220
10.
1.8
3.0
(I6
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15.1. General Requirements and Description of System.—The radar
system of Ivhich the receiver to be described in this chapter is a part is a
moderately complex shipborne system operating in a frequent y range
around 10,000 31c/sec.
The system performs automatic tracking of
single target objects in azimuth, elevation, and range. The high degree
of accuracy required in all three of these quantities places rather extraor.
dinary demands on the design of the component parts, the receiver in
particular.
The system operates with a transmitter pulse power of 60 kw and a
pulse length of 0.1 psec. Thus the total length of the pulse corresponds
to a range increment of only 49 ft, and resolution of close targets is correspondingly good.
It has been found possible to measure the range of
individual targets with an average error corresponding to one-fifth to
one-tenth the pulse length, or 5 to 10 ft. Such accuracy is maintained
nearly to the maximum range, 30,000 ydj at which the system is required
to lock on to a target.
Tracking in azimuth and elevation is made possible by the use of a
nutating antenna.
A fixed paraboloidal reflector is combined with a
&lpole, which is caused to move in a sma!l circular orbit about the focus
of the reflector, to give a radiation pattern in the form of a beam that
traces out a small cone centered on the axis of the reflector. The dipole
moves in such a manner as to remain parallel to a fixed direction, so that
the plane of polarization of the emitted radiation does not change.
This
general arrangement has come to be known as a conical scan. The
conical-scanning rate in the system under discussion is about 30 cps. It
wiil be seen that if the reflector is pointed directly at the target of interest, the beam will move around the target, never pointing directly at it.
The amplitude of echo signals from the target will not change as the
antenna scans because the beam at all times makes a fixed angle with the
If, however, the reflector is not pointing
radius ~-ector to the target.
exactly at the target, the beam will approach nearer to the target in one
part of the scanning cycle.
Consequently, the amplitude of the echo
signals ~willvary at the scanning rate. This variation may be extracted
and compared in phase with a reference voltage generated by the motion
380
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of the antenna to give information concerning the magnitude and sense
of the error in the direction of the reflector. This information may then
be applied to a servomechanism that positions the reflector so as to cause
it to point directly at the target.
If this tracking method is to operate properly, it is vital that any
amplitude modulation of the receiver output properly ascribable to thb
conical scanning be preserved and that any extraneous modulation at
the same or near-by frequencies be eliminated.
Therefore good AGC
is an essential feature of the receiver. Furthermore, if the reflector is
to be positioned accurately and quickly, phase delay of the 30-cycle
modulation frequency must be maintained small and constant.
This
requirement placed additional limitations on the AGC circuits.
Extraneous modulation may arise in two principal ways: (1) random
amplitude changes resulting from change in the transmission path or
change in the aspect of the target and (2) spurious modulation at the
scanning rate introduced by the r-f system.
Signal fluctuations arising
as in (1) may be broadly classed as fading.
Oscillographic st udles have
shown that there may be appreciable frequency components as high as
5 cps due to fading.
If these components are to be eliminated, a lower
limit must be set on the speed of action of the AGC! circuit.
Fluctuations of Type 2 are most likely to be caused by imperfections in the waveguide or rotating joints, which produce a change in the load applied
to the magnetron and thereby result in change of transmitter frequency.
If the change in transmitter
This phenomenon is known as “pulling,”
frequency so produced is an appreciable fraction of the pass band of the
receiver, a spurious amplitude fluctuation synchronous with the antenna
scanning may occur.
The servomechanisms positioning the reflector
will interpret thk as a valid directi~on-error signal and will point the
reflector incorrectly.
It is impossible to machine r-f components sufficiently accurately to eliminate pulling altogether.
An additional step
must therefore be taken by designing the AFC system to have a follow
rate sufficient y fast to follow the deviations of the transmitter.
A final requirement on the receiver is a consecluence of the small size
of target and large range of detection at which the system must be
capable of operation.
The transmitter power is limited by availability
of tubes and to some extent by properties of any r-f system that satisfies
other performance requirements of the system as a whole. It is therefore
necessary to improve the noise figure of the receiver to the practical limit.
16.2. Radio-frequency Input and Local Oscillator. —Figure 15.1 shows
a view of the r-f section of the radar system, together with the receiver
circuits. The frequency range covered by this receiver is a 12 per cent
band centered at 3.3 cm. A tuned TR tube at 3.3 cm has a bandwidth
(between half-power points) of about 30 Me/see,
This is only slightly
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greater than the bandwidth of a single i-f amplifier stage of the construcIf, therefore, such a tube were used, it would
tion used in this receiver.
limit the bandwidth of the receiving system.
Also, any unbalance of
crystals will reflect LO po~ver to the TR tube which, because of its narrow
bandwidth, reflects the 1,0 po~rer back to both crystals in like phase so
that the noise is not balanced out. Furthermore, with high-efficiency
crystal converters a substantial amount of i-f energy goes back through
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the crystal and part of it is converted to image frequency, which is then
reflected back by the narrow-band TR tube and reconverted to i-f
energy. Since the phases of the voltage and current are usually at variance with those from the normal incoming signal, an apparent mistuning
occurs which varies with the tuning of the TR tube. A broad-band TR
tube has been designed that has lower loss than the usual tuned design,
and it has been used in this receiver. It maybe seen in Fig. 15.1.
In order to obtain the lowest possible noise figure, a balanced mixer is
used. The unit has been designed so that the signal crystals are well
matched into the waveguide.
Because of the less critical nature of the
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problem and because of spare limitations, the crystals in the AF(; half
of the double mixer have not been so carefully matched into the waveguide. The mixer may also be seen in Fig. 15.1.
Another feature of the mixer is its design for goocl AFC operation;
this design is achieved by attention to details influencing leakage into
the mixer, cross attenuation between the signal and AIW channels, and
The balanced mixer, when manuattenuation of transmitter harmonics.
factured accurately, has good cross attenuation at all frequencies.
What
little power gets up to the local oscillator and is reflected has to go through
the resistive 1,0 attenuator twice. The attenuator from the waveguide
to the AFC mixer has been made with 33 db of attenuation caused by a
0.250-in. hole and 39 db caused by a polyiron attenuator.
The hole
causes sufficient mismatch to prevent appreciable loss to the transmitted
pulse, and the attenuation in the pol yiron increases with frequent y and
prevents transmission of harmonics.
The AFC circuit is shown in Fig. 152.
The input circuit from the
balanced mixer consists of the two crystals and two tuned circuits (Cl,
T, primary and C4, T, primary) coupled to the secondaries of T, and T,
connected in parallel and tuned by the input capacitance of the input
6AK5 amplifier tube. This circuit acts very much like a double-tuned
circuit loaded principally on the primary side. It will be described more
fully in Sec. 15.3.
The coupling network between VI and Vz is a double-tuned circuit
Unlike the other similar transloaded cm both primary and secondary.
formers in the receiver, no powdered-iron core is used to couple these
coils together.
The loading is relatively 10TNon primary and secondary,
The two “ears” resulting on the
and the two circuits are overcoupled.
response curve tend to broaden the over-all i-f amplifier and dkcriminator
response.
A discriminator circuit has been developed that is particularly suitable for wide-band work, since a high value of the product of gain and
bandwidth is obtained with it (about 6 db more than other types tried).
The circuit has been skeletonized and slightly modified for the sake of
clarity in Fig. 15.3a. Inductance L6 and capacitors C,Z and C,4 form a
series-tuned circuit tuned to one side of the intermediate frequency,
Inductance L, and capacitors Clb and Cl, form a series-tuned circuit
tuned to the other side of the intermediate frequency.
The frequencies
to which these two series-tuned circuits are resonated determine the frequencies of maximum and minimum discriminator output voltage as
shown in Fig. 15.3b. The proper adj ustrnent of the values of loading
resistors Ra and R~ straightens the discriminator curve between these
Inductance L, tunes the output cirmaximum and minimum voitages.
cuit capacitance of tube Va to the intermediate frequency, 60 Me/see.
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It may be seen in the discriminator circuit diagram of Fig. 15.3a that
the two halves of the discrimin:~tor are balanced to ground.
The
transient response of the tu-o halves is therefore the same and will balance
out when the input carrier is at the intermediate frequency of 60 Me/see.
This is an advantage o~-er an unbalanced type, since there is no spike
left to operate the .4FC when the carrier frequency is at 60 Me/see.
In the remainder of the circuit shown in Fig. 15.2, tube ~6 is a gasfilled type 2D21 tube used in a sawtooth generator circuit.
The time
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(a)

35 Mc/sec
55 Mc /see

(b)
FIG.15.3.—AFCdiscriminator. (a) circuit; (b) outputvoltage.
constant is 1.2 sec. Tube V5 is biased so that it does not conduct in
the absence of signals on its grid. The type 21<25 oscillator tube ~16
is frequency-modulated by the application of this sawtooth voltage to its
reflector through the filter &S and C23 and is thus sWe@ through a frequency range, searching for a signal in this range. The frequency range
through which the 21<25 oscillator is swept is adjusted by variation of
the 100,000-ohm resistor h?26which acljusts the voltage range Over Which
the 2D21 tube v6 operates.
The operation of the rest of the circuit is
completely analogous to those described in Sec. 3.4.
It is desired to have the AFC operate only on the transmitted pulse
from the magnetron.
It is also desired that this pulse should not over-
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load the mixer crystals, since the video pulse resulting would contain
60-Mc/sec components which would operate the AFC no matter what the
Sufficient attenuation is introduced
frequency of the 2K25 oscillator.
between the transmitting wave~uide and the AFC mixer to allow only
sufficient transmitted power to enter the mixer to produce a peak current
of 1 ma in the crystals.
This produces 0.2-volt rms at the intermediate
frequency across the crystal ~vhcn the proper amount of LO power is
applied.
The AFC circuit should not operate cm less than about 0.02
volt rms, since it might then operfite on the side lobes of the transmitted
pulse and hold the oscillator off normal frequency.
Since the 2D2 I
tube, VS under normal conditions, requires about, 13 volts on the grid to
operate it, a voltage gain from the crystal to this grid of about 1000 is
required.
This gain expressed in decibels voltage gain without regard
to impedance level is distributed M f ollolvs:
Gain from crystals to T’, grl(l
Gain from 1“1~rid to 1’, gritl
Gaiu from l’, grid to 1-4 gri(i
(lain

from

Total

1’4 grid to T’, grid

gzill

Decibels
. 6
= 15
.

3
== 36

= 60

The O.l-psec input pulse is ~trctche(l out to about 5 psec at the plate of
tube 174.
To avoid false direction:d information resulting from transmitter
pulling during the scanning cycle, the .H’C circuits should be capable of
acting fast enough to follow the transmitter.
In Fig. 15.2 tube V~ may
be considered as a ~-ery low impedance source !vhen it is operating.
The
principal time constant of the filter is the one formed by resistor lt~~and
capacitor CZZ;it must be kept as small as possible.
This time constant is
0.6 see, which is as little as can be tolerated if the sawtooth voltage is not
to affect the frequency of the 2K25 oscillator too much.
In spite of this
time constant long with respect to the error signal period, there is sufficient gain around the AFC feedback loop to eliminate almost completely
any 30-cycle frequency modulation of the intermediate frequency.
The
small amount of frequency modulation remaining does no noticeable
harm because of the small curvature in the center of the receiver selectivity curve.
The intermediate frequency of 60 Me/see is sufficiently high to prevent almost all difficulty with wrong-sideband operation.
15.3. Receiver Input Circuit.-The
receiver input circuit at the intermediate frequency consists of three coupled tuned circuits as shown in
Fig. 15.4. Each crystal of the balanced mixer is shunted across a tuned
circuit, and appropriate filters are provided so that the d-c crystal cur-
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rent may be measured.
13ach of these tuned circuits is inductively
coupled to a secondary coil with the aid of a powdered-iron core. The
twosecondary coils are connected inparallel across the input of the first
amplifier tube. The loading across the tube input circuit is kept at a
minimum, and the crystals furnish practically all the loading on their
respective tunecl circuits.
An input circuit of this type is more critical
than either the single-tuned circuit or the double-tuned circuit with
loading on primary and secondary but has considerably more gain. The
r-f input elements wll be closely coupled to the i-f input circuit if highefficiency crystal converters are used. Changes in the r-f elements may
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FIG.15.4.—Receiverinputcircuitat theintermediatefrequency.
change the tuning of the input i-f circuit under these circumstances.
‘l’he broad-band TR tube and balanced mixer have reduced the possibility of serious changes in the r-f elements; consequently, in practice
it is found that the i-f input circuit is quite uniform in response for signal
frequencies located anywhere in the 12 per cent r-f band.
The i-f input
circuit is also quite noncritical in tuning adjustment in manufacture and
with tube replacement.
Since a large amount of noise in the receiver is generated by the input
tube or tubes, high gain in the input transformer produces a high level of
signal at the grid of the first tube to override the noise. As mentioned
above, the loading on the secondary circuit is kept at a minimum to give
high gain. The primary circuits are made with as low a ratio of inductance to capacitance as is consistent with proper bandwidth, giving
higher gain and making the circuit more stable with variation in tube
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The voltage gain of
input impedance and variations in r-f input circuit.
this circuit is approximately 6 db.
15.4. Receiver Input Stages.—The first two stages of the receiver arc
The circuit is shown in Fig,
of the low-noise type using two triodes.
15.5, and an analysis is given in Sec. 413.
The input triode, or groundedcathode triode, is a 6AK5 tube with plate and screen connected together.
The grid to screen-and-plate capacitance is tuned out by an inductance
L,O, from grid to plate. The second triode, or grounded-grid triode, is
one half of a 6J6 double triode which obtains its bias from a 120-ohm
resistor RIOS.
The noise figure of the i-f amplifier is 3.5 db at its frequency of 60
Me/see.
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FIG.15.5.—Low-noise
i-f stagesof receiver.
15.5. Intermediate-frequency
Amplifier.-The
general characteristics
laid down at the beginning of the design called for an i-f bandwidth of
12 Me/see and a total i-f gain of about 100 db. A simple calculation
shows that if an amplifier stage has a gain of 6 db, it will take 17 stages
to obtain 100 db. If 17 single-tuned stages having an over-all bandwidth of the desired 12 hlc\sec are to be used, the gain per stage or over all
is approximately unity, or O db. It is clear that single-tuned stages,
synchronously tuned, cannot be used.
Staggered triples, staggered pairs, and double-tuned circuits were
tried. It v-as desired to make the tuning of the stages fixed because of
the difficulty of alignment in the field. Staggered triples were considered
too sensitive to capacitance variation to accept the permissible variation
in capacity of either the 6AC 7 or 6AK5.
Double-tuned circuits with
loading entirely on primary or secondary were also found to be too
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If the loading of the primary equals that of the
sensitive to variation.
secondary, that is, if primary and secondary Q’s are equal, the amplifier
is insensitive to capacitance variation at the bandwidth and frequency
used here. However, it was found that with a ratio of primary Q to
secondary Q of 2.2, the amplifier is still sufficiently insensitive to capacitance variation and extra gain is obtained.
The double-tuned circuit with a Q ratio of 2.2 was found to have
advantages over single-tuned circuits staggered in pairs. The doubletuned circuits have some advantage in over-all gain-bandwidth product.
In this receiver the double-tuned circuit was found to be definitely less
sensitive to variations in component parameters, and the over-all amplifier was found to be more stable than was the case with the other circuits.
+120 v
1

0

F1~.15.6,—Circuitof two typicalamplifierstages.

~
,.
}

~

I

Another advantage of the double-tuned circuit is the ability to keep the
input and output circuits of an amplifier stage more or less independent
of each other, because the tuned circuits do not have to be returned to
ground but may be returned directly to an independent cathode lead
when the 6AK5 tube is used. Advantage has been taken of this fact
in this receiver, as maybe seen in Fig. 15.6. It has been found in practice
that if the coils are carefully made to dimensions, practically no further
adjustment is needed before they are inserted in the receiver, and none
A further advantage of double-tuned circuits
is needed after insertion.
is the elimination of the interstage coupling capacitor—an elimination
that decreases the grid-circuit time constant.
The 6AK5 tube was chosen instead of the 6.4C7 as an i-f amplifier
tube for several reasons. The percentage input and output capacitance
tolerances of the 6AK5 which are only half as large as those of the 6.4C7,
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The
allow
a more critical circuit and, therefore, more gain per stage.
6AK5 tube has two cathode leads allowing a great reduction in the coupling of the input and output circuits of the tube and a reduction in
chassis currents which might couple amplifier stages to produce regeneration. It is simpler to obtain wide bandwidth, and the components, such
as bypass capacitors, are smaller at high frequencies than at low. The
6AK5 operates better at high frequencies, takes less space, and uses less
power than the 6AC7, all of which considerations are important when the
receiver is to be mounted in the r-f head of a radar system.
In a multistage amplifier using double-tuned interstage coupling
circuits and having a bandwidth that is as large a fraction of the midfrequency as the present one, it is advantageous to use unequal Q’s in the
If the Q’s are equal, it is impossible to
primary and secondary circuits.
obtain sufficient asymmetry to counteract the slope of the top of the
response curve caused by the variation with frequency of feedback
through the plate-to-grid capacitance of the tube. It is quite simple
to obtain the required asymmetry when the Q’s are sufficiently different.
Originally the intermediate frequency was chosen as 60 NIc/sec
because of its harmonic relation to the 30-hfc/sec i-f amplifiers then in
use and the consequent ability to use harmonics of signal generators for
testing.
A high value was chosen because of the relatively greater ease
in obtaining sufficient magnetic coupling between the primary and
secondary circuits of the double-tuned circuit and because of the improvement in AFC operation resulting from elimination of wrong-sideband
locking.
Figure 15.6 shows a schematic circuit of two typical amplifier stages
of this receiver.
One has provision for applying gain-control voltage to
the grid and the other does not. The data on the interstage coupling
network are as follows:
Plate output capacitance. . . .
Primaryloading resistor.
Primary Q=m,R,C, . . . . . . .
Grid input capacitance. . . . . .
Secondaryloading resistor
Tube input loading resistance
Secondaryeffectiveloading resistance.
SecondaryQ=uOR*C~. .
Q-ratioprimaryto secondary
Couplingbetweenprimary and secondary.
Bandwidth
. .......
Band center. . . . . . . . . . . . . . . . . .
.
Gain. . . . . . . . . . . . . . . . . . . . . . . . . . .
.

4.8p~f
2700 ohms
4.9
74Wpf
910 ohms
.lbout 8000 ohms
800 ohms
2.2
2.2
38 per cent
25 >fc/sec
60 Me/see
11 db
.

The coupling between primary and secondary is obtained principally by means of an iron core with some capacitance coupling obtained
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by having the grid and plate ends of the secondary and primary near
each other. The iron core reduces the coil size and the inductive field
associated with it.
Intermediate-frequency
coupling networks that are different from
the typical one are the input transformer network, which has already
been discussed in Sec. 15.3; the transformer network between the second
and third i-f tubes; and the transformer network between the last i-f stage
and the second detector.
The transformer network between the second
and third i-f tubes has loading only on the secondary, and the transformer coupling coefficient has been changed accordingly.
This was
done to raise the gain of this stage and thus reduce the effect of noise
from the third i-f tube.
The gain from the grid of the first i-f tube to
the grid of the third is 12.8 db.
The last i-f transformer is the same as the typical i-f transformer
described above.
The only change in the network is the use of a 3300This
ohm loading resistor across the secondary of the transformer.
change compensates for the loading of the diode. There is a loss in
the second detector of about 6 db.
The gain of the i-f amplifier from the crystal input to the grid of
the first video tube in voltage ratio without regard to impedance is about
as follows:
Input transformergain.
First two i-f tubes and following transformergam
10i-fstages atll-db gain each.
Seconddetector gain.
Total gain (approx.). .

Decibels
6
12,8
110
–6
122.8

The over-all bandwidth is about 12.5 Me/see.
The normal output
level of the second detector is 0.6 volt, and therefore the gain of the
amplifier is sufficient to give full output on noise even when all tubes
are down by 20 per cent in transconductance—a
condition that may be
encountered with tubes that still meet JAN-1 A specifications.
The circuit diagram of the signal channel of the receiver chassis is
shown in Fig. 15.7. In addition to the features already mentioned, it
will be noted that the tubes V103, V105, V107, and V11O,Which have gainThe
control connections to their grids, have no cathode resistors.
reason for this, as is explained in Sec. 15.8 of this chapter, is that better
gain control is obtained when the bias is small if the cathode resistor
is omitted.
The initial voltage furnished to these grids by the gain
control is —2 volts.
When the gain control is disconnected and the
receiver power is on, a bias is furnished by the —255-volt supply and
the voltage divider resistors RS1 and RSZ through resistors Rzg and R30.
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FIG.157.-Circuit of receiver. Eightmorei-f amplifierstages(5 to 12) identicalwithfourthstageexceptfor gain-control
stages(5, 7, and 10) whichareidenticalwiththirdstage.
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FIG.15.8.—Bottomviewof receiverchassis.
and spring clips are used along the edges of the chassis. This waveguide
is made with as small a cross section as possible to give high attenuation
from one end to the other of the chassis (see Sec. 10”2). The electr~
magnetic fields of the coils are made as small as possible by use of iron
cores to make the coils small. In order to meet space limitations, the
input stages are doubled back on the rest of the amplifier as may be
seen at the left of Fig. 15.8. This portion is shown enlarged in Fig.
15.9. In the boxed-in portion in the upper center part of this figure
are the input circuits, the round black objects in the lower corners being
the insulators through which the connections to the mixer crystals
project. The input transformers 7’101 and 7’102 and ceramic trimmer
capacitors Clol and C104 are connected to the crystal terminals (refer
also to Fig. 15.7). The neutralizing coil LlOKis a single-layer coil on a
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bakelite resistor-type form shoivn at the left of this compartment and
The crystal-current filter inductprojecting through the pwtition.
ances LIOl, L1(U,L1Oi, and LIoi arc single-layer coils }vound on resistors.

F{lter
resistor

Cathode
bypass

Screen
bypass

‘1’\vfJ of these may I)e seen projecting through the partition in the upper
right-hand corner of this compartment.
At the right of the input-circuit compartment in Fig. 15.9 is the
similar AF~ input circuit consisting of the two ceramic trimmer capacitors
partially covei-ing the input transformers and mixer crystal connections.
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‘l’he AFC circuit extends on to the right as shown in Fig. 15.8 in the long
compartment in the upper part of the figure. In this compartment are
also the filters and connections for the power leads as they leave the
chassis. At the right of Fig. 158 are the video circuits contained in this
chassis.
The construction of each stage of the signal amplifier with its filtering
arrangement is best shown in Fig. 15.10. The interstate coupling
transformers are mounted with their axes across the waveguide.
They
are mounted on ceramic-insulated tie points which are made like fecdthrough insulators so that voltages may be measured with a probe
voltmeter from the outside of the chassis. This gives a means of
measuring the voltage across the + B-voltage filter resistor and checking the operation of the tube. The grid voltage of the gain-controlled
stages and the filtering resistors of both plate and grid circuits may be
measured.
The low r-f potential ends of the primary and secondary
coils are connected to these tie points, and the other ends are separated
by a spacer that determines both the inductive and capacitive coupling. In the model shown, the spacer is too narrow because the coils
were revised without changing the spacer.
The grid coil is isolated from ground by a 100-ohm filter resistor,
and the r-f current is made to return directly to one end of the 6AK5
cathode by means of a bypass capacitor connected directly from the
low r-f potential end of the grid coil to that cathode terminal.
The
low r-f potential end of the plate coil is similarly bypassed to the other
This end of
end of the cathode to which the screen is also bypassed.
the cathode is also bypassed to ground or connected directly to ground
when no cathode resistor is used. The filter resistors for plate voltage,
screen voltage, and gain-control voltage pass through rubber grommets in holes in the chassis so that one lead is on one side of the metal
and the other lead is on the other side. One heater terminal is grounded,
and the other heater terminal is connected to the supply through a
choke coil Which passes through the chassis in much the same manner as
In this way the power-supply
the filter resistors described above.
leads are carried along the top of the chassis away from the coils and
therefore are not inductively or capacitively coupled to the coils and
cannot couple various amplifier stages. The method of connecting
the filter resistors and choke coils to a terminal strip for connecting
the power-supply wires above the chassis may be seen in Fig. Is. 1.
This method also allows the checking of voltage above the chassis so
that the cover does not have to be removed and the shielding disturbefl
for this operation.
15.6. Second Detector and Video Amplifier in Receiver Chassis.—
The second detector and video-amplifier circuits contained in the receiver
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chassis are sho~vn in the circuit diagram of Fig. 15.7. They consist of
tubes VIN, Vlll, ~115, and their associated CirCUitS.
The input capacitance of the diode V1lW consisting of one half of a
type 6AL.5 tube, is 7.4 .WJf,which is the same as the input capacitance
The loading of this diode
of a type 6AK5 tube in the i-f amplifier.
and circuit on the i-f transformer is about 1060 ohms. The diode-load
resistance is 820 ohms. The gain from the i-f amplifier tube grid driving
the diode to the diode load resistor is 5 db (voltage gain), where the input
is measured in rms volts (at 60 IMc/see) during the pulse, and the output
is measured in peak-pulse volts.
The normal size of signals while the receiver is operating with automatic gain control is
0.6 peak-pulse volts at the output of Vl,ti (negative).
2.25 peak-pulse volts at the plate of VH, (positive).
0.75 peak-pulse volts at the cathode of V~,b (positive).
The output pulse from the second detector is negative to allow
limiting action by the first video-amplifier tube V114. NO bias is applied
Any positive voltage on the grid will cause grid current to
to Vi,,.
flow through the 0.47 -megohm grid resistor and bias the tube giving
d-c restorer action.
The time constant of the grid circuit is long enough
so that the 30-cycle modulation, caused by the antenna feed nutation
when the target is not on the antenna axis, is little affected in phase.
The screen voltage of tube V,,l is 50 to 55 volts and is obtained
through a resistor from the regulated + 180-volt supply, since no lowimpedance source of 50 volts is available.
The 130,000-ohm screen
resistor is used to stabilize the tube -when the large grid resistor is used
as well as to equalize the gain of different tubes.
However, when
signals occur a large part of the time or when there is a great deal of
noise, the average grid voltage becomes considerably negative, and
less average current is drawn by the screen. The voltage drop in the
130,000-ohm screen resistor becomes less, and the screen voltage higher.
This causes more current to flow in the plate circuit when the grid is
instantaneously at zero potential.
Under these conditions an input
signal that takes the grid from zero voltage to plate-current cutoff
will cause a greater output voltage.
This is not desirable, since the
increased signal may overload later amplifier tubes as well as change
intensity of light output of intensity-modulated
cathode-ray tubes
when the duty ratio changes.
To reduce this effect a lower-impedance
(l4,5oo ohms) voltage
divider composed of Rl,, and R,c, and giving 60 volts is connected by
means of diode VllW to the screen of the amplifier tube V114. If the
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screen voltage rises above 60 volts, current will flow through the diode
and thereby make the screen volt age supply circuit have an impedance
about one-tenth its former value. This aids greatly in stabilizing the
screen voltage and keeps the maximum output voltage much more constant.
The output cathode-follower type 6J6 tube VIM has both halves
connected in parallel.
The cathode circuit is designed to feed into
a 75-ohm line with a d-c path through a 75-ohm resistor connected
at the far end of the line. The normal output is 0.75 volt, and the
limited output (limited by V114) is 1.5 volts.
The coupling networks between the video stages are of a highfrequency-compensated
type that has a product of gain and bandwidth
2.40 times as great as when no peaking elements are used and a rise
time response to a step function input 2.48 times as fast. The overshoot is only 0.3 per cent. These networks, however, have little effect
on the pulse shape, since their bandwidths are much greater than is
necessary. The main consideration is to have the proper signal polarity
and voltage and to avoid distortion.
15.7. Video Amplifiers for Oscilloscopes and Tracking Circuits.-This
receiver is designed to operate into a 75-ohm transmission line at low
level, that is, normally at 0.75 volt with the output limited at 1.5 to
2.0 volts.
The receiver is located at the antenna.
The low-level
video signal is transmitted through a 75-ohm coaxial cable, through slip
rings in the turret base, again through a 75-ohm coaxial cable to the
video amplifiers 100 to 200 ft away, measured along the cable. The
cable passes into each amplifier chassis and out again, connecting by a
short Iow-capacitance lead to the input tube of each video amplifier.
In the final chassis the end of the cable is terminated in a 75-ohm resistor.
The bandwidths of the amplifiers for all oscilloscopes and tracking
circuits are about the same although the resolution of signal used in
each is normally different.
This construction provides improved performance in the presence of certain types of interference.
If a lowintensity c-w signal of about the same frequency as the incoming
normal pulse signal is received, the output will be the normal pulse
modulated on the top by the difference in the two carrier frequencies.
As the intensity of the c-w signal is increased, the modulation will
become deeper and deeper until the output becomes pulses of the beat
frequency.
The video amplifiers must have bandwidths ~vide enough
to pass any beat frequency that passes through the receiver.
Satisfactory operation is obtained when the video amplifiers are not more
than 3 db down in response at the frequency at which the i-f amplifier is
40 db down.
In the receiver under discussion the video amplifiers
should have a bandwidth about twice the semibandwidth of the i-f
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amplifier, or a bandwidth at 3 cib down of 12 Me/see.
This bandwidth
is closely approached by all of the video amplifiers and exceeded in
some, the variation being due to economic factors.
To prevent distortion, all amplifiers are operated on the linear porWhere the d-c level is important, as
tion of the tube characteristic.
in intensity-modulated
cathode-ray indicators and in the automaticgain-control circuits, a d-c restorer circuit is used. Since gain controls
are unbypassed variable cathode resistors, the negative feedback tends
to prevent distortion when the tubes are on the curved portion of the
characteristic at low gain.
The low-frequency amplitude and phase characteristics should be
such that a 100-psec pulse will not vary more than about 5 or 10 per
cent in amplitude throughout its length. This can be obtained by
making all time constants that affect the low-frequency response very
large. 13qually good low-frequency response can be obtained by means
of compensation, with the added advantages of smaller and more economical units and better high-frequency response due to lower capacitance of the units to ground.
By analysis of the circuits used and by
experiment it was found that if all uncompensated circuits had time
constants of 10,000 psec or more and all compensated circuits had time
constants of about 1,000 ~sec or more, the desired results could be
obtained
with components
having reasonable tolerances.
Shorter
time constants would have required smaller tolerances.
The general rules followed are given below.
They result in about
5 per cent variation in amplitude of a 100-psec signal when the deviations
of component values are most unfavorable.
The screen-voltage supply
is made to have sufficiently low impedance by means of a voltage
divider (where the screen voltage is not obtained directly from a lowimpedance source) such that the total current drawn by tube and divider
is twice the screen current. The time constant of the circuit is made
about 10,000 psec with ~ 10 per cent tolerances on capacitors and f 5
per cent tolerances on resistors, the 5 per cent tolerances being dictated
by voltage requirements rather than time constant considerations.
The plate-circuit filter resistor is made small enough to prevent the
danger of approaching the knee of the plate-current vs. plate-voltage
curve. It is made large enough to give a 10,000-psec time constant with a
1- or 2-~f filter capacitor.
The tolerances of both filter resistor and
capacitor are + 10 per cent.
The time constant formed by the product of the plate-load resistor
and the plate-circuit filter capacitor is made equal to the time constant
formed by the product of the grid resistance of the following tube grid
circuit and the plate-to-grid coupling capacitor.
The plate-load resistance is determined by high-frequency consideration, and its ~ 5 per cent,
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tolerance is dictated partly by gain requirements.
The grid resistor
is kept well below the maximum value recommended by the tube manufacturers but high enough to make the plate-to-grid coupling capacitor
small in physical size so that it has low capacitance to ground.
The
grid resistor and the coupling-capacitor
tolerances are ~ 10 per cent
unless the time constant is much below 1,000 psec when the tolerances
of one or both are made ~ 5 per cent. Plate- and ..grid-circuit compensation of this type does not ~ve the exponential d~cay of a single time
constant, but it gives more constant output where the maximum probable
duration of signal is known.
Grid bias is obtained either from a negative voltage supply or from
an unbypassed cathode resistor. In general, the latter procedure gives
2R
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FIG.15.1 l.—Video filters. L is woundon resistor2R, L/2 is woundon a dummyresistor.
L = R%’, fk = frequencyat whichamplitudeis 3 db down.
(b) ZlrfkRc= 0.97.
(a) 2r\~RC= 1.47.
Gain-bandwidth
productis 2.20timeswhat Gain-bandwidthproductis 1.94timeswhat
it wouldbe withoutcompensation. Over- it wouldbe withoutcompensation. Overshootin responseto step function = 7 Per shootin responseto step function = 3 per
cent.
cent.
One exception is
more stable gain characteristics and less distortion.
the use of a 20,000-psec time constant in the cathode circuit of the type
807 tube where the extra gain is needed.
The high-frequency compensation used in the video amplifiers is of
the shunt-series type described in Chap. 8. Figure 15”1la is for use
where the ratio of input to output filter capacitance or its reciprocal is
equal to one-half.
In this case, the product of gain and bandwidth
is 2.2 times that when no peaking coils are used. Figure 15”1lb is for
use where the ratio of input- to outpuhfilter-capacitance
is unity and
the product of gain and bandwidth is 1.94 times that when no peaking
coils are used. In all of the video stages in this receiver, the capacitance
Component values for interratio lies at or between these two ratios.
When
mediate capacitance ratios were estimated by interpolation.
the capacitance

ratio is 0.5, the overshoot

of the response to a step-
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function input is 7 per cent; when the ratio is unity, the overshoot is
3 per cent. Because of the width of the video-amplifier pass band
compared with that of the i-f amplifier, only overshoots due to the i-f
circuits are noticeable on signals not limited.
Overshoots are not
obj actionable on either limited or undistorted signals. The “shadows”
are insignificant.
High-transconductance
tubes often tend to oscillate at very high
frequencies when leads to the elements happen to be tuned, usually by
+300u

d
I~[G.1514.-Video circuitsfor automaticrange-tracking
andAGC.
their distributed constants, to the same frequency, or nearly so. Resistors of 39 ohms are placed in some of these leads to damp out such
oscillations.
All high-frequency circuits are constructed in such a manner as to
keep the capacitances to ground low and the lead lengths short. This
gives higher gain-bandwidth
products and less feedback.
Low frequency feedback is minimized by use of plate-circuit filters and by a
low-impedance po~ver supply that is electronically regulated.
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The circuit of Fig. 15.12 is used for the amplifiers for the B-type
The
and E-type intensity-modulated
cathode-ray
tube indicators.
circuit of Fig. 15.13 is usecl for the amplifier for the A/R-type cathodeThe circuit of Fig. 15.14
ray tube indicator for deflection of the beam.
is used for the video amplifier in the automatic-gain-control
and autoIt may be noted that the circuit of
matic range-tracking circuits.
Fig. 15.14 is that of the final amplifier on the video transmission line
and contains the 75-ohm line-terminating resistor.
16.8. Automatic Gain Control; General Considerations.—It
has been
found that in the presence of large amounts of noise, a desired signal
can be more readily distinguished if peak-voltage values are used. A
circuit is used in this receiver whereby the peak-pulse voltage is measThis voltage is retained
ured each time the desired target signal occurs.
in the circuit until just after the next desired pulse occurs, when the
The circuit
retained voltage is changed to the new pulse voltage.
therefore introduces a delay approximately
equal to the repetition
period and has no attenuation for any frequencies that may be present
in the form of amplitude modulation of the pulses. It is essentially an
all-pass circuit, which has delay but no attenuation.
It is readily
shown that if no further attenuation is added, such an inverse feedback
5f/2, . . . and will have maximum
loop will oscillate at f/2, 3j/2,
degeneration at O,j, 2f, 3f, . . . where f is the repetition frequency of the
system.
It is necessary to provide sufficient attenuation at f/2 and
higher frequencies to prevent oscillation.
Any low-pass filter that
will furnish the proper attenuation at f/2 will cause still further delay
and slow up the AGC action.
The low-pass filter of the AGC circuit must not have too low a cutoff
frequency or the delay will be apparent at the direction-error modulation
frequency.
This delay would not be serious, except for some applications, if it were constant, but, as ~vill be shown later, it is not constant.
A maximum of 10° total variation in phase shift in the whole radar
system at the direction-error modulation frequency or about one millisecond delay variation at that frequency is allowable.
The low-pass filter could have a cutoff frequency below the direction-error modulation frequency so that the AGC would have no effect
at the modulation frequency.
The modulation could then be obtained
from the video signals. There is, however, too little margin between the
fading frequency of 5 cps and the conical-scan frequency of 30 cps to
allow sufficiently small variation in phase shift at the modulation frequency of 30 cps in the face of tube variations.
Another disadvantage of a very low cutoff frequency in the AGC
filter is that a strong sudden interfering signal will give a high AGC
bias that will be delayed so long in reaching the amplifier grids that
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the filter storage elements are well filled. The bias then takes the
Since no signal can
amplifier tubes well beyond plate-current cutoff.
then pass through the amplifier, the feedback loop is broken and the
feedback system can no longer aid itself in keeping a constant output
and therefore cannot aid in restoring the receiver to a condition where
it can handle normal signals again. The filter then takes its own time
This takes
in discharging the capacitors.
so long (l+ to 3 see) that the radar system E.
may well have lost its target.
Slow time constants in AGC systems
are also likely to be so close to the time
constant of the radar system that poor w
EC
target tracking or even oscillation of the
FIG, ~5.15_FeedbaCk”100P~Or
AGC.
radar system asa whole may occur.
To obtain good range-error signals it is very desirable to have
constant-amplitude output signals in order to eliminate apparent range
shift due to nonlinear distortion of the varying amplitude signals that
do not have instantaneous rise in amplitude (vertical sides).
The best compromise in AGC-filter design for thk system seems to
be one that allows nearly complete elimination of the direction-error
modulation from the output, together with frequencies as much higher
as possible, but one that has a cutoff frequency low enough to prevent
oscillation at f/2.
It has been mentioned above that tube variations have an important
effect on filter design. This effect is due to variation in gain around
the feedback loop when the bias on the gain-controlled i-f tubes is changed,
as described in Sec. 9.2. In Fig. 15.15, suppose that
Ei = the steady-state input to the receiver,
Eo = the steady-state output of the receiver,
s = the steady-state gain of the receiver under the conditions of
the above E~ and EO,
% = the gain of the feedback amplifier network and is usually a
complex quantity,
~.

& (ln gin),
z
E, = the st~ady-state voltage bias fed back to the gain-controlled
i-f amplifier tube grids.
Then
E. = sE,.
If Ei is increased by a small amount AEij then E. will increase by a small
amount AE., and S will decrease by AEoS.mS and
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EO+ AEO = (E, + AE,) (~ – AE.S.mS),
AEO = AEiS – (Ei + AEi) AE.S.mS,
AE,$j
AE. =
1 + (Ei + AE~)$m$j’”
1
If (E, + AE,)S.mS >> 1,
then
AEi
AE. =
(E{ + AEi)s.m
Since
AE. = AEo$,
then
AE,ss.
AE. =
1 + (E, + AE,) S$m
or AE. = AEi/Eim if (Ei + AE,) Ss.m >>1 and Ei >> AEi
or
AE, =g

[SEC.15.8

(1)

(2)

(3)
(4)

(5)

where M is the modulation factor AEi/E~.
It is necessary to be able to use signals that are as small as possible
compared with the noise level of the receiver. At small signal level, S
must consequently be such that the noise itself will be amplified to full
output so that it operates the AGC.
The amplification of the AGC loop
is made sufficient to accomplish the purpose of the AGC in keeping Eo
constant, irrespective of signal level. If E. is essentially constant, then,
since E. = sEi at any given signal level, SEi is essentially constant
for all values of E,. If AE, is small compared with E,, then in Eq. (1)
it is seen that (Ei + AEi) S$m varies only with % and m. (The pass
band of s. is assumed to be so small compared with that of s that variations in delay and gain of S due to sideband attenuation are considered
inconsequential.)
There are two cases that may cause trouble.
One is where appreciable
phase shift or delay of the direction-error voltage occurs, and the other is
where (Ei + AEJ Ss.m = —1 so that, according to Eq. (1), AE~ becomes
In the first case, if AE, is small and
infinite and the receiver oscillates.
(Ei + AEi) Ss.m is large, and if the modulation is limited to one frequency
so that S. is constant, then AE. is equal to M/m according to Eq. (5).
It is seen that AE. contains the direction-error signal in this receiver.
The phase of this error signal will be essentially the same as that of the
modulation of the input signal, and the amplitudes will be essentially
proportional.
However, if m varies greatly with input signal amplitude,
then (Ei + AE,) $j’S.m may no longer be large compared with unity for
all input signals. If s. has a large phase angle, and if m is small enough,
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according to Eq. (3), AE, will not have the same phase as AEi and a
phase shift in the dkection-error signal occurs, giving an apparent change
The magnitude of AE. will also be somewhat less.
in target direction.
The plots of m as a function of control grid bias shown in Fig. 9.4fI
indicate that m does vary greatly, so that the gain of the feedback loop
must be made great so that even when m is small, the phase shift of the
error-signal output will be small.
An increase in gain to prevent error-signal phase shift when m is
small may cause the feedback circuit to oscillate at some frequency if
~. has sufficient phase shift so that (Ei + AE,) ~S,m can become equal to
– 1. The fact that pulsed data is used has an important effect on this
aspect as may be seen from the following explanation.
In this receiver each pulse is measured and the measured voltage is
held over until the next pulse from the same target is received.
It is
then applied as bias to the i-f tubes which are controlled by the AGC
Envelope

I , , :+’~::e
-r:l’’’T’l’’+’’~~
‘Wl_P ;~:;;e
~
FIG.
,

I

15.16.—Itelationof AGC voltageand
pulsesignals,

FIG. 15.17.—Pulsesignalsamplitudemodulatedat halfthe repetitionrate.

feedback circuit until the next pulse arrives. As soon as this next pulse
is measured and the previous pulse has disappeared, the ne}vly measured
voltage is used as AGC bias, etc., as shown in Fig. 15.16. lVhen the
incoming signals are modulated at a frequency equal to one-half the
repetition rate f and the feedback loop is broken where AE. is applied to
the i-f tubes, the result is shown in Fig. 15,17. It can be seen that when
the incoming signal is large, a small bias is applied to the receiver; and
when the incoming signal is small, a large bias is applied to the receiver.
In other words, the fed-back voltage is in phase with the incoming signals
so that the output will increase indefinitely to the point of oscillation if
the loop gain is sufficient.
Voltage at one-half the repetition frequency
In this
must be attenuated sufficiently to prevent this oscillation.
receiver a low-pass filter is used to allow degeneration at 1ow frequencies
but to provide sufficient attenuation at high frequencies to prevent
trouble at half the repetition frequency.
The effect of a single-time-constant
low-pass RC-filter is shown in
Fig. 15.18. A step function applied to the input of the circuit shown in
Fig. 15. 18a will produce an output as shown in Fig. 15. 18b. The response
to the voltage of Fig. 15,17 is shown in Fig. 15. 18c. It is seen that the
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FIG.15 18.—Effect of single-time-constant
low-passRC-filter.
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FIG.15.19.—Kllustration
of the decreaseof the phaseshift resultingfrom pulse-to-polso
delayas the modulationfrequencydecreasesfromhalfthe repetitionrate.
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phase of the feedback voltage is unchanged, that is, the minimum bias
occurs at the time of maximum signal; the feedback voltage is in phase
with the incoming signal; and the circuit is regenerative at this f requency.
The amplitude of the feed-back voltage is reduced, however, and oscillation may be prevented.
It can be seen that no matter how long the time
constant, the phase is unchanged and the only effect at this frequency is a
reduction of amplitude.
In other words, the delay caused by the pulsed
data and the delay caused by the filter do not add directly.
A series of diagrams in Fig. 15”19 is intended to show that as the modulation frequency is decreased from half the repetition frequency, the phase
shift of the error-signal output gradually recedes from 180° when a single
RC-combination is used in the form of a low-pass filter. This shows that
with a network of this type the system cannot oscillate, providing
(E; + AEJ $j~.m
is less than unity in magnitude at one-half the repetition frequency and
above.
Rl
Input
‘=

c,
~

‘c=

;0.:

m

FXG.15.20.—Two-section
l?C-filter.

FIG. 15.21,—Modifiedtwo-section
RC-filter.

By a similar method it may be shown that if another section of equal
time constant is added to the low-pass RC-filter, as shown in Fig, 15.20,
so that the filter causes a phase shift of nearly 180° at some frequency
below half the repetition frequency, the delay caused by the storage from
one pulse to the next will cause sufficient additional delay to make the
system oscillate at some frequency in that region if the gain is unity.
If in Fig. 15.20 the ratio of the time constants R,CJR2C2 is sufficiently
greater or less than unity, the phase shift will not be near enough to 180°
for the pulse-to-pulse storage effect to make up the phase difference to
180°. Another method of accomplishing this result is shown in Fig.
15.21. Here the phase shift is prevented by R3 from approaching 180°,
providing R3 is sufficiently large. The time-constant ratio
R,C,
(R, + R,)C2
may be made unity, and better cutoff characteristics may be obtained.
This circuit was worked out for the receiver but not early enough to
incorporate it in the final model in which a single RC-network was used.
The network shcmm in Fig. 1521 has considerable advantage over the
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one actually used, since the sharper cutoff alloww the gain of the feedback
loop to vary more without making it oscillate at half the repetition frequency or wi~hout appreciably affecting the phase of the output error
signal. Thus the characteristics of the i-f amplifier tubes may vary
more without causing trouble.
In order to obtain an output signal of convenient size and still have
high gain around the feedback loop, delay bias is provided (see Chap. 9).
An advantage is gained by putting this bias after the filter instead of
before it. The filter action removes some frequency components ~vit,h
the result that the amount of variation in voltage after the filter is small.
When the AGC delay bias is applied after the filter, the bias will merely
subtract a d-c voltage from the voltage applied to the i-f amplifier grids.
At the input to the filter, however, there are present frequencies that are
not yet removed and may be relatively large. If the bias is applied here,
the peaks of these higher frequency voltages may go below the bias level
and be cut off. During the intervals in which this voltage is cut off, no
useful information is being applied to the filter. ‘l’he loss of this information is a form of distortion that may seriously affect the direction-error
signal and hence the automatic-tracking capability.
The purpose of the AGC is to prevent distortion, but it may cause
considerable distortion if the feedback voltage is not applied to the i-f
If the feedback is applied to only one i-f tube, strong
amplifier properly.
signals will produce so much bias that the tube ~vill be cut off a large part
of the time. This action causes much information to be lost and greatly
It is also inappropriate
increases the apparent modulation percentage.
to apply the AGC bias to the first one or two amplifier stages, since this
will impair the signal-to-noise ratio when signals are weak and noise is
operating the AGC.
On the other hand, control must be applied at a
sufficiently early point in the amplifier to preclude the possibility of
In the receiver under
overload or limiting ahead of the control point.
discussion the AGC voltage is applied to the tubes of four amplifier
stages, the thh-dj fifth, seventh, and tenth. This arrangement allows
the signal to attain a reasonable level above noise, then holds the signal
within a region around this level until the final amplification to the desired
level for demodulation.
Since the value of m in Eq. (5) is that for the lvhole amplifier-the
sum of the separate values for each of the tubes—its WLIUC~roukl be more
likely to remain constant if all four tubes w-ere used in like manner.
With this arrangement, however, the magnitude of the error-signal output is dangerously near the hum level. A safer margin is obtained if
only two tubes are used. It was found that a good compromise consists
of two filters, one that passes frequencies from zero to well above the
error-signal frequency and one that passes frequencies from zero to a

sm.

159]

DEMODULATOR

CIRCUIT

409

The AGC voltage for the
cutoff ~vell below the error-signal frequency.
seventh and tenth i-f tubes traverses only the filter with the high-frequency cutoff, and the AGC voltage for the third and fifth i-f tubes passes
through both filters. The gain around the feedback loop at low frequencies is at least twice as great as at high frequencies, and the output is
more constant at low frequencies, but the error-signal output has been
doubled bv this means.
15.9. Description of the Demodulator Circuit of the Receiver.—The
purpose of the demodulator circuit of the receiver is to take in all received
signals, select the pulses belonging to one signal, and from these selected
pulses obtain voltage outputs to operate the direction servos and range
servos as well as the ~’oltagc to control the gain of the receiver automatically, It also has pro~ision for manualljr controlling the gain of the
receiver.
The circuit is shown in detail in Fig. 1522.
The input, signal with
AGC operating is 0.75 volt, positive for the sigmd that is controlling gain
and about 1.5 volts maximum for any others and comes from a 75-ohm
transmission line. The first two tubes arc wide-band video-amplifier
tubes as described in Sec. 15,7. The third stage of amplification also
selects the signal from the desired target. This stage consists of t}vo
tubes lvith control grids operated in parallel and the plates operating two
These two amplifier tubes are normally
separate but similar circuits.
nonconducting except at the time the desired signal arrives at the grids.
During the nonconducting time the screen grids are held at a lo~~-positive
voltage, and the suppressor grids are held at a negative voltage.
This
arrangement assures that the tubes ~vill not conduct during the off period
even if the signals are ver~f strong at the control grids. Just before the
desired signal occurs, a comparatively slow positive pulse of voltage, or
gate, is applied to the screen grids by means of a 7F8 tube used as a
cathode follower.
The duration of this gate is slightly longer than the
period of the signal.
While this gate is on, a second gate supplied by a
pulse trfinsformer in a blocking-oscillator
circuit is applied to the suppressor grids. This second gate has very steep sides ancl lasts for about
half the period of the signal pulse. The relation of these various gates
to the input and output signals is shown in Fig. 15.23. The signal pulse
does not have so steep sides as it did on entering the receiver and lasts
for about twice as long. Since the signal pulse at the input to the receiver
is 0.1 psec long, the pulse at the control grids of the gated tubes is about
0.2 psec long from the start of the rise to the end of the fall of the pulse.
The gate applied to the suppressor grids is about 0.1 psec long. ‘l’he gate
is applied directly to one of the suppressors but is passed through a delay
line of approximately 0.1 psec to the other suppressor; therefore the end
of the gate to the first suppressor occurs at the time of the start of the
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gate to the other suppressor.
This point at which the end of one gate
and the beginning of the other occurs is centered on the peak of the signal
pulse applied to the control grids. Thus, the first half of the signal pulse
is amplified by one tube, and the last half is amplified by the other. If
the point of symmetry of the two gates should be shifted from the center
of the signal pulse, for example, as a result of change in range of the target,
the height and length of pulse output of one tube will be greater than
those of the other. This difference in output is later used to operate the
range servos for automatic range-tracking; in addition, the two outputs
are also combined to furnish the AGC voltage.
The signal input to the grids of the gated tubes is composed of all
received signals and noise. The average voltage input to these tubes
therefore varies when any of the
Ill
signals vary or when the amount
of noise relative to the signals
Screen
gridgate
varies. The height of the signal
Suppressor grid gate - channel #1
from the desired target with re1
spect to the average
input voltage
Suppressor grid gate - channel #2
therefore varies not only when
I 1
this signal itself varies but when
Selected signal pulse
any other signal or the relative
amount of noise varies. To propulse - channel #l
Stretched
vide a baseline to which the desired signal can be referred and
pulse - channel #2
Stretched
that is not appreciably affected by
the other signals or noise, a d-c~lG.15.23.—Gatevoltagesforsignalselection
restorer diode circuit is included in
andsplitting.
the grid circuit of the gated tubes.
This circuit makes the output of the gated tubes practically independent of all variations except those of the selected signal. For this purpose
the time constant of the d-c restorer is moderately long, being about
1,600 psec.
The output of the two gated tubes goes to two identical pulse-stretching circuits having capacitors that charge very rapidly and discharge
slowly. The charging is done through diodes which cease to conduct as
soon as the current through them attempts to reverse direction.
The
charging time of the circuit depends on the plate capacitance of the gated
tube, the capacitance of the diode to ground, the grid capacitance of
the following tube, the stray capacitance, the plate-load resistance, and
the compensation, or peaking, used. The circuit must charge fast enough
to have a charging bandwidth as wide as the other video circuits in order
to operate in the presence of certain types of interference.
This bandwidth is achieved in the same way as in the case of the other video stages,
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The discharging time constant of the pulse-stretching circuit is determined by the output capacitance of the diode, the input capacitance of
the following tube, the stray capacitance, and the diode load resistance.
The diode load resistance must be smaller than the maximum allowable
In any event, values higher than 1
grid resistor of the following tube.
megohm are likely to be too vulnerable to humidity.
The discharging
time constant used in this unit is approximately 20 psec.
The purpose of this pulse-stretching operation is to obtain a voltage
proportional to and, as nearly as possible, equal to the peak voltage, the
stretched voltage to be of sufficient time duration to allow the charging
of a very long time-constant circuit with tubes of reasonable size. The
time constant of this very long time-constant circuit must be such as to
retain its charge essentially constant from one pulse to the next. The
pulse-stretching and very long time-constant circuits combined with
their associated circuits may be regarded as a peak voltmeter preceded
For an input signal as fast as a O.1-psec
by a two-stage pulse stretcher.
pulse of a 25-lIc/sec wave, the output signal will be a stepped or “staircase” voltage, the height of each step from a baseline being proportional
to the corresponding input pulse height or voltage.
This circuit should
not be confused with the so-cal~ed ‘‘ boxcar” circuit, which has a voltage
output momentarily going down to the baseline just before each pulse.
Extra filtering is required to remove the high frequencies caused by the
boxcar circuit, and thus the over-all response of the AGC circuit is slowed
down.
The output of the gated tubes has a large component of the gate
voltage.
If this voltage ~~-ereallowed to pass through the amplifier, it
would severely tax the dynamic range of the amplifier tubes and require
larger tubes. To eliminate this voltage from the rest of the amplifier the
diodes of the pulse-stretching circuit are biased to a value that allows
only enough to pass through to ensure that the whole signal pulse height
is utilized.
The stretched pulses from the diode circuits are impressed on the
grids of a pair of type 6SJ7-GT amplifier tubes, one in each of the two
channels. The plate resistors are fairly high, since it is no longer necessary to preserve the large bandwidth of the video amplifier.
It is necessary only that the stretched pulse reach its peak by the time that the gate
for the staircase-voltage generator circuit is applied, which is about a
microsecond later than the gates for signal selection.
Advantage is
taken of this time to obtain extra gain. The cathode resistors furnish
sufficient feedback to prevent dktortion and grid current. A variable
resistor is provided in the cathode circuit to balance the gain of the two
channels, and a variable bias on the diodes in the pulse stretcher permits
equalization of the gate-pulse heights.
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The output of these amplifiers is applied to the grids of two cathode
followers which drive two circuits, the range discriminator and the
remainder of the AGC circuit.
The range-discriminator circuit is fed through two pulse transformers.
As described above, the selected signal is split into two parts by the gates
When the gates are set at the proper range, the two parts
of the selector.
of the signal are of equal voltage; but when the gates are off in range,
the two parts of the signal have unequal voltages.
These two voltages
are compared, and the difference is used to operate the range servos.
The output signals of the cathode followers feeding the range discriminator are both positive.
The sign of one of these voltages is preserved by
the pulse transformer and applied to the plate of a diode; the sign of the
other is reversed by its transformer and applied to the cathode of its
diode. The terminals of the transformer secondaries that are not connected to the diodes are connected together and to one side of each of
the diode output filter capacitors.
This connection is used as the low
potential side of the output circuit.
The load resistors of the diodes
are not connected to this low-potential terminal but are connected in
series bet ween the high-potential terminals of the diode outputs, and the
junction of the two resistors is used as the high-potential output terminal
If the pulse voltages applied to the diodes are equal, the
of the circuit.
diode output voltages will be equal and the junction of the two load
resistors will be halfway between these two equal and opposite voltages,
or at the same potential as the low-potential terminal of the circuit.
If
the pulse voltages applied to the two diodes are unequal, the junction of
the two load resistors will have a potential with respect to the lowpotential terminal of half the difference in the diode output voltages and
of the sign of the higher diode output voltage.
This is the range-error
Its sign and
voltage and is used to operate the range servo circuits.
magnitude give the direction and amount, respectively, by which the
selector gates are removed from the proper range of the signal. The
action of this circuit is similar to the discriminator circuit shown in
Fig. 15.3.
The cathode-follower tubes that drive the range-discriminator-diode
pulse transformers also feed a network in parallel with these pulse transformers to supply input to the AGC circuits.
This network consists of
resistors and capacitors designed to present a reasonably high impedance
to the cathode-follower tubes but to apply to the grid of an amplifier tube
a pulse of voltage equal to the average pulse voltage of the two channels
and of the same shape. The output of this amplifier is applied as a
negative pulse to the grid of one of the tubes of a circuit that forms a
power amplifier with very low output impedance.
This circuit may be
regarded as a two-tube analogue of a cathode follower, in which low out-
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put impedance is secured for both positive-going and negative-going
signals.
The low-impedance power amplifier is connected to a O.OO1-Pfcapacitor through two tubes which form a switch that is turned on for only a
very short time. A blocking oscillator is triggered immediately after
the signal-pulse selector gates are turned off. This blocking oscillator
turns on these switch tubes slightly after the stretched pulse reaches its
peak at the grid of the low-impedance power amplifier.
The switch tubes
are kept on just long enough for the O.001-pf capacitor to reach 90 to
95 per cent of the possible final value, which is about 3 psec. The blocking oscillator then turns off the switch tubes until the next signal pulse is
received one repetition period later. Thus the voltage across this O.001-pf
capacitor is the staircase voltage previously mentioned.
The action is
illustrated in Fig. 15.24.

r

----“;;’;ge-~sir;;’

FIG.15.24.—Actionof pulse-stretching
circuit.

The switch tubes are connected in reverse directions so that the
O.001-pf capacitor may either charge or discharge readily.
The blocking
oscillator furnishes sufficient voltage to drive the switch-tube grids highly
positive no matter what the potentials of the cathodes may be. The
impedance of the grid circuits, however, is made high by means of the
3.3-megohm grid-leak resistors and 100-pWf storage capacitors so that the
blocking oscillator can only drive the grids to give a slight grid current.
This prevents the blocking oscillator from determining the voltage of
the O.001-pf capacitor.
The bias for the switch tubes is furnished by the
grid leaks. The time constant of these grid circuits must be long enough
to retain sufficient bias to keep the switch tubes cut off when not turned on
by the blocking oscillator.
This switching circuit is often called a clamping circuit.
The d-c level is set at this point by a voltage obtained from an AGC
LEVELcontrol potentiometer on the input side of the switch tubes.
The
resistance of this voltage source must be low enough that the variable
currents through the circuit do not appreciably affect the voltage.
Variation of this voltage baseline might be serious if its magnitude and
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the associated time constant should cause a phase shift in the directionerror signal voltage.
The staircase voltage is produced across the O.OO1-Pf capacitor, since
the time constant between charging times is essentially infinite.
This
voltage is applied to the grid of acathode-follower tube.
When the AGCMANUALswitch is in the AGC position, the output circuit of the cathode
follower just mentioned is the fast-time-constant
filter for the .4GC.
This filter consists of a l-megohm resistor and a 0.02-Wf capacitor.
The
output of the filter is applied to the grid of yet another cathode-follower
tube. This cathode follower furnishes voltage to three circuits.
It is
the low-impedance source of AGC voltage for the i-f amplifier tubes
operated through the feedback loop using the fast-time-constant
AGC
filter only. It furnishes a-c voltage through a capacitor to a tube and
filter circuit which filters out the direction-error voltage and passes it on
to the direction servos. It also furnishes voltage to the input of the longtime-constant filter for the AGC system.
A diode circuit is associated with the short-time-constant
filter for
the purpose of furnishing the AGC delay bias and for preventing the grids
of the i-f tubes from going more positive than – 2 volts.
The FASTAGC
MAX. G.41Nresistor is normally adjusted by disconnecting the receiver
video output from the input to this chassis and varying this resistor until
the voltage at the fast AGC output terminal is – 2 volts with respect
to the chassis. A properly synchronized O.I-psec pulse of 0.75-volt
magnitude is then applied to the input of the chassis where the output of
the receiver normally connects and the range gate is properly centered
on it. The AGC LEVELcontrol at the input to the switch tubes is then
adjusted to give maximum negative voltage at the fast AGC output
terminal. The control is then turned to reduce the fast AGC output
voltage until it just reaches —2 volts.
The receiver may now be reconnected to the chassis input.
The circuits are now so adjusted that the
AGC feedback loop will start to operate when the selected signal pulse
voltage reaches 0.75 volt at the output of the receiver.
The circuit
operates as if this delay bias were not present unless the voltage at the
plate of the diode at the output of the fast AGC filter becomes more
This results in low distortion as
positive than that of the cathode.
explained in Sec. 15.8.
The slow AGC filter consists of a 330,000-ohm resistor and a l.O-pf
capacitor.
The capacitor, instead of being connected from the resistor
to ground, is connected from the resistor to the output of a cathodefollower tube which has a low output impedance.
This cathode-follower
tube is fed by a tube that generates a voltage varying in magnitude with
time in such a manner as to bias the two slow AGC i-f tubes to give low
receiver gain at the time the system transmits a pulse and to increase the

1
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gain gradually with time in such a way that the echo signal from a target
has a magnitude at the output of the receiver that is more or less independent of its range. This is called a sensitivity time control and reduces
the amplitude of strong signals near by so that it is easier to watch the
desired signal at close range on intensity-modulated indicators.
The output of the long-time-constant filter is applied to the grid of a
cathode-follower tube in order to obtain a low impedance for supplying
the AGC voltage to the i-f amplifier grids. Since the grid of the tube is
more negative than the cathode, it is necessary to tap down on the
cathode resistor somewhat to make the d-c potential applied to the slow
AGC i-f tubes the same as that applied to the fast ones. This tapping
point is made adjustable to take care of variation between tubes.
It is
adjusted to give the same d-c output voltage at both slow and fast AGC
output terminals.
Nfanual gain control is secured by switching the input of the fast AGC
filter to a potentiometer which furnishes the required variable voltage,
manually controlled.
Since the manually controlled voltage does not
make use of the delay-bias diode, the diode bias circuit must have an
impedance low compared with the l-megohm filter resistor in order to
prevent change in maximum gain caused by the change in current in this
diode circuit when switching from manual to automatic gain or vice
versa. The long-time-constant filter resistor is shunted by a 47,000-ohm
resistor when manual gain control is used, to prevent sluggish action of
the control.
The voltage gain from the video input circuit of this chassis to the
AGC-voltage output terminals is about 20.
15.10. The Receiver Power Supply .—One of the parts of an automatic-tracking radar system that requires careful consideration is the
receiver power supply.
Voltage of the a-c power-supply frequency or of
its harmonics or subharmonic
entering the system may modulate the
signals or otherwise affect the direction-error signal. The precision of
the tracking of the target may be impaired, and the antenna beam may
describe a circle about the target or even lose the target entirely.
Since the direction-error modulation of the signals in the receiver is
at a frequency of approximately 29 cps, 60-cycle modulation from the
power supply will beat with this and cause a resultant at 31 cps. The
29- and 31-cps signals will pass through the circuits and give a resultant
that continually shifts in phase, even though the 29-cps component be
large compared with the other. As the magnitude of the 31-cps signal
approaches that of the proper error signal, the indifference of targettracking grows. Beating of the harmonics of the 29-cps direction-error
signals and the 60-cycle supply frequency will cause similar effects.
Power supplies that are satisfactory in the laboratory may not operate

SM.

7’HIL: 1{1;(:1$’1I’lClt PO II“liR J!Yl
“1’1’[>1“

15.10]

417

properly in the field. Subharrnonics of the polver-supply frequency are
usuall} not present in appreciable quantities on commercial lines. IJOJV
frequencies may bc found, ho!veverj in considerable quantities if the
impedance of the poJvcr lirws is appreciable and if w fair amount of power
is lIS(NI
to
opelatc
re(,iprocatin~
machinery
such as pumps.
Frequencies
arfalnd 2 to (i cps are then often found in the outputs of filtered rectified
power sllpplics.
(Ienmators Ilse(i in small is~dated polver plants Iwually have an
as~’mmetrictil field structure ~vhirh causes subharrnonics to be generated.
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The frw[uencies of t hc subharmonic depend on the number of poles. 11
four-pole machine generates half the rated frequency; a six-pole machine
genmatf;s one- half and one-third the rated frequency; and an eight-pole
machine gcnertites one-half and one-quarter of the rated frequency.
An eight-pole (;()-cycle grnerator may produce a small amount of 15-cps
voltage. ” Since the filter of the rectifier of the receiver power supply is
designe(l for use ;vith a 60-cycle generator, the 15-cps ripple is much less
att,c,noat.efll)y the filter and therefore may cause considerable trouble in
the rerrivc] circllits.
Filters for (,limi nating the Iotv su}~harrnonics are heavy and expensive.
l~~)rtlwse r[,as(~nsan(l to pr(!vent l(~tv-frequerlcy f’ecdback in the amplifiers
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1,}- NJY of the power supply, electronic voltage regulators are used in the
receiver under discussion.
In Fig, 15.25 is shown the po]ver supply for this receiver.
It furnishes
all a-c and d-c potentials used in the i-f amplifier-chassis part of the
receiver. This includes the power for the i-f amplifier tubes, the second
detector, the video tubes mounted on this chassis, the AFC circuit tubes,
The voltages, currents, and ripple voltages are
and the local oscillator
shol~n ~vhen the ~lnit is operated from a good source of 60-cycle input
such as a commercial line fed by a central station.
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16.1. General Design Considerations.—The
design requirements for
this receiver were (1) that the sensitivity be the best possible, (2) that the
over-all r-f bandwidth be 4.0 Me/see, (3) that the receiver be operable
at preset spot frequencies in either of two bands, (4) that only one
antenna be used for both bands, (5) that adequate gain-control range
be available (more than 70 db), (6) that the receiver be capable of receiving pulses of 2+ to 100-psec duration, and (7) that the receiver provide
two video signals, one limited at +40 volts and the other adjustable
from O to +16 volts.
The two bands of operation selected were from 175 to 185 Me/see
and from 205 to 215 Me/see. 1 The requirement that maximum sensitivity be obtained over these bands ruled out a crystal-video or suPerregenerative receiver and left the possibilities of a TRF or superheterodyne
circuit.
A superheterodyne circuit was used because of the smaller
amount of r-f gain and the correspondingly fewer tuning controls required
and because of the difficulty of obtaining the required pulse response in
the trf receiver.
The amount of r-f gain necessary to obtain the over-all sensitivity
was then calculated as described in Sec. 1.1. Because of its small physical
size, short lead lengths, and excellent transconductance-to-capacity
ratio, a 6AK5 was chosen for the mixer stage. With this tube operated
as a triode, a noise figure of 13 db or better might be expected at 200
Me/see.
Grounded-grid r-f stages were selected because they offered
the best compromise then available between good noise figure and
stability.
Since the RCA 6J4 tube is especially designed for groundedgrid operation around 200 Me/see, it was chosen for the r-f amplifiers of
this receiver. A noise figure of about 6.5 db might be expected for such
an amplifier.
If a deterioration of ~ db is allowed because of the mixer,
the r-f gain required is
~

a

=(20

–l)=3400r
0.56

15,3

db

“

1These are referredto as “A-band” and “G-band” respectively,
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For a bandwidth of 4.0 Llc/see, a gain per stage of about 10 db is
to be expected from the 6J4’s.
Tfvo r-f stages arc therefore used.
The amount of i-f gain required ~vasset by the consideration that it is
desirable to have sufficient gain before the second detector of a superheterodyne receiver to allow it to operate always in a linear portion of its
characteristic.
Therefore, signals that reach the detector should be
approximately 1 volt.
The receiver must then have sufficient gain to
bring its internal noise up to an rms value of about i volt at the second
The rms noise voltage at the output terminal of an amplifier
detector.
may be calculated from the expressions given in Chaps. 1 and 4. Thus,
for a receiver having an r-f bandwidth of 4.0 lfc/see, a noise figure of 7
db, and an antenna impedance of 50 ohms, the total g~in required before
the detector is
w’

=

,m-.;m-,
=

1.35 x 10’ = 103

db.

Since the total gain of the tIvo r-f amplifiers and the mixer will be about
23 db, the i-f amplifier should have a net gain of at least 80 db. In order
to provide some safety factor when 10W-g~ tubes are used, the normal i-f
gain should probably be at least 90 db.
Since maximum sensitivity was a primary design consideration in
this receiver, the i-f bandwidth was made considerably greater than
might normally be expected, a value of 10 Me/see being used. By
using such a wide i-f amplifier it w-as possible to design the r-f amplifier
bandwidths to the narrowest possible value (4.0 lIc/see) that gave the
best possible noise figure. If a narrower i-f bandwidth had been used,
it would have been necessary to widen the r-f bandwidth to maintain the
over-all bandwidth at 4.0 hfc/see, a change that would have caused some
deterioration of the r-f noise figure.
The requirement on the video amplifier of this recei~-cr w-as that it
provide two limited signals either individually or simultaneously, one
at a fixed level of +40 volts and the other at a variable level of from O
to +16 volts.
The required limiting action w-as obtained by using a
negative-output detector at the end of the i-f strip to drive the first video
stage to cutoff for large signals. The video tube chosen was a 6AC7
operating at zero bias and requiring about 2.0 volts to cut it off. The
full output voltage of this stage was used to drive a 6AG7 as a cathodefollower output tube.
In addition, a voltage divider was used to feed a
portion of the output voltage of this stage to a second cathode follower
which provided the required variable output voltage.
To bring the
signal up to the 40-volt level, a video gain of 24 db was required.
Since the requirement of two-band operation without retuning was
imposed, two r-f heads were indicated.
Simultaneous operation was not
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required, however, and the two r-f heads were therefore duplexed into a
single i-f amplifier.
Switching between r-f heads was accomplished
without physical changes merely by switching the voltages on the tubes.
Inasmuch as a common antenna was specified, it was necessary that the
two r-f heads be so designed as to give satisfactory sensitivity with some
sort of antenna-duplexing or switching scheme.
Finally, since this receiver was part of an airborne system, the weight
and power consumption were major items to be kept at a minimum.
As in most airborne systems, the available power consisted of 28 volts
direct current and 115 volts 400-cps alternating current.
R-F HEADS
The heart of this receiver and the point at which it differs most widely
from the other receivers described in this book is the r-f head. An
antenna was furnished having an internal impedance of essentially 50
ohms over a frequency range from 175 to 215 Me/see.
The r-f heads,
1st r-f
amplifier

2nd r-f
amplifier

Mixer
--l
---

I

f

‘($(

_L-

V

FIG.16. 1.—Equivalent

r-f circuitfor eitherof two amplifiersections.

therefore, were designed to operate from a source impedance of 50 ohms.
The equivalent r-f circuit for either of the two amplifier sections is shown
in Fig. 16.1.
16s2. R-f Amplifier.-The
grounded-grid amplifier is essentially a
unity current-gain device with a very low input impedance and a very
high output impedance.
Therefore, to obtain satisfactory gain with two
cascaded grounded-grid stages it is necessary to provide some sort of
impedance-matching
device between them. In this case impedance
matching was obtained by utilizing a coupling circuit of the autotransformer type.
This circuit has good gain-bandwidth properties as compared with other simple impedance transformers.
The amount of
step-down in this transformer is best adjusted in practice by a trial-anderror method.
With a signal generator on the input terminal of the first
stage, the tap on the interstage coil was adjusted for maximum over-all
gain. When this adjustment had been made, it was found that the loading of the second stage gave the interstage circuit a bandwidth of approxi+
mately 6.0 Me/sec.
This bandwidth is about right for an over-all
bandwidth of 4.o Me/see, since the two cascaded identical single-tuned
circuits will have an over-all bandwidth of about 0.66 times their individual bandwidths.
If this had not been the case, it would have been
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necessary to add resistive loading or additional capacity to obtain the
required bandwidth.
The second grounded-grid stage operates directly
into the grid of the mixer stage. A single-tuned circuit was used in this
second interstage; and since the input impedance of the mixer stage is
very high, it was necessary to add a load resistor to bring the over-all
bandwidth up to 4.0 Me/see.
The value of this load resistor was determined experimentally because of the difficulty of calculating the exact
input impedance of the 6.4K5 triode mixer with a combination of feedThe tap of the antenna lead on the input
back and transit time loading.
coil was adjusted experimentally for the best signal-to-noise ratio. This
adjustment can be made using a signal generator or a diode noise source
(see Sec. 125).
All three tuned circuits in Fig. 161 are adjustable
through slug-tuned coils, the details of which will be given later.
16.3. Mixer.—The equivalent r-f circuit of the r-f converter is shown
in Fig. 16.2. Here, as in Fig. 161, all d-c circuits have been omitted.
R,

Mixer

LO

c,

Signal

1(

1
Jj

--

FIG.16.2.—Equivalentr-f circuitof the mixer.
A 6AK5 connected as a triode is used as a mixer. A 6AK5 connected
as a pentode was also tried in this position; but with the two r-f amplifiers
used, little change was noted in either the over-all gain or noise figure.
The triode connection was chosen because it required fewer components.
The LO voltage is injected on the mixer grid. It is brought from the
oscillator through a short length of coaxial line which taps into the mixer
grid coil. The amount of LO excitation may be adjusted for maximum
conversion gain by moving this tap up and down the mixer coil and
observing the i-f output with a fixed r-f input signal.
16.4. Local Oscillator.—The local oscillator chosen for this receiver
was a grounded-plate Hartley circuit.
Satisfactory operation has been
attained with this oscillator only with the local oscillator operating on
the low-frequency side of the signal. This type of operation has certain
drawbacks in that it increases the number and proximity of the image
responses over what might be obtained if the local oscillator were on the
high-frequency side. With the Hartley circuit, tendencies to instability
and parasitic oscillations were observed when higher-f requenc y operation
was attempted.
The feedback in this oscillator is obtained through
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mutual coupling in the tuning coil which becomes somewhat unreliable
and variable when the coil shrinks to the size of two or three widely
spaced turns.
A more satisfactory type of oscillator is the Colpitts circuit (Sec.
5.18).
By the use of such a circuit with the same tube it is possible to
build a satisfactory oscillator for operation up to 250 Me/see.
A 9002
triode was used in the oscillator of Fig. 16.2. This tube was chosen
rather than the 6AK5, used in so many other places in this receiver,
because at the time this receiver was being designed there was a considerable shortage of the 6AK5 tubes.
It was thought that they should
not be used in any circuit where their superior characteristics were not
fully utilized.
If this receiver were to be redesigned, a 6AK5 connected
as a triode would probably be used for the local oscillator.
Bias voltage for the local oscillator is obtained through the grid leak
and condenser combination RIC1. The minimum value of RI that can
be tolerated is determined by the maximum average plate current or plate
dissipation.
The maximum value of the time constant, RICI of this
circuit, is determined by the point at which the tube will go into interTherefore, in adjusting the
mittent oscillation or superregeneration.
bias, RI is varied to obtain the desired tube current whereas Cl is ‘@ven
the value necessary to prevent superregeneration.
oscillator tuning is
The use of a variableaccomplished with a small variable condenser.
inductance coil would not be satisfactory here because of the changes in
feedback that would result. However, if a Colpitts circuit were used,
inductance tuning would be entirely satisfactory.
The excitation in the
Hartley oscillator is determined by the location of the cathode tap. This
is adjusted experimentally to give uniform operation over the entire
tuning range.
After an experimental oscillator has, been designed and built, the
problem of frequency drift must be met. In the design and construction
of the oscillator care should be taken to make all assemblies mechanically
as strong as possible.
First, a calibration run is made on the completed
oscillator to determine the rate and direction of its frequency drift with
temperature,
Then from the data thus obtained a small compensating
condenser is chosen to balance the observed drift of the oscillator.
This
compensating condenser is shown in Fig. 16”2 as the small fixed condenser
in shunt with the oscillator-tuning condenser.
16.5. R-f Duplexing.-Besides
using a common i-f amplifier, the r-f
heads must operate satisfactorily from a common antenna.
To accomplish this the duplexing scheme shown in Fig. 16.3 is used.
The length of cable WI is so chosen that with tube VI biased to cutoff,
an open circuit is seen on A-band at the j unction J. Similarly the length
of W5 is chosen to present an open circuit on G-band if the input tube to
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the A head VIZ is biased to cutoff.
Switching relay Ks connects a large
negative voltage to the grid of the first stage of either r-f head and so
shuts off the amplifier that is not being used in such a manner as not to
load down the input circuit and cause deterioration of the receiver noise
figure. In practice the cable lengths can be chosen to give an open circuit
at onl,v one frequencv.
For this receiver these cable lengths were cut
for optimum performance at the ccntcr of the tuning ranges, 180 and 210
(;–band

I>,

W,

1

A

=

L-

~ K3

J

0
5 -150V

W5

F[~. 16.3.—R-Fduplexingcircuit.
Me/see, and some deterioration in noise figure was allowed at the edges
of the bands.
The adjustment for optimum performance was made in
the following manner.
With a signal generator or noise source connected
to the input of the receiver and one r-f head turned on, the length of
the cable to the opposite r-f head was adjusted by a cut-and-try method
until the best signal-to-noise performance was obtained from the operating r-f head. When this optimum was found, the receiver was switched
to the opposite band and the second cable was adjusted by a similar cutand-try technique.
In making this adjustment, it is necessary to be
certain that the signal generator or noise source is carefully matched into
the input cable and that the fittings used throughout the cabling system
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are of the constantiimpedance
type. If fittings that cause appreciable
reflections are used or if the generator does not have the proper internal
impedance, the two adjustments described above will not be independent
of each other and it may be difficult or impossible to obtain the desired
duplexing without sacrificing noise figure. In this receiver with type-N
cable connectors, it was possible to keep the losses in noise figure due to
duplexing to less than 0.5 db at the center of the tuning range and less
tIMU 0.8 db over the entire tuning range.
16.6. Construction.-A
complete circuit diagram of an r-f head is
shown in Fig. 16.4, and photographs of a completed head are shown in Fig.
L lb

L 15

>loowf

6J4

A

L,~

+120V

loo/i,uf
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100

100##f
L1

Llti

—
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J

f%zoo%wf’oo””f
—
H ‘“5
.-

..

FIG.16.4,–-Circuitdiagramof r-f head.
16.5a and b. The second r-f head is not shown, since both heads are
identical except for the sizes of the tuning coils. All the tuning coils are
designed especially for grounded-grid construction.
In order to keep
the cathode-heater capacity out of the tuned circuits, the heaters are
run at the same r-f potential as the cathode.
This is accomplished in
the first stage by using a coaxial coil made of tubing with an insulated
}virc pulled through.
‘l’he cathode-bias resistor and bypass condenser
are mounted directly on the tube socket.
One side of the heater circuit
is grounded throughout the receiver. Thus, the outer conductor of the
coaxial coil carries one heater return and the cathode current in addition
to the signal currents, and the inner conductor carries the other heater
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lead. In order to make certain that the inner and outer conductors of
the coil are at the same r-f potential, silver-mica button condensers are
used at either end of each coil. A photograph of a completed coil together
with an enlarged section drawing of one terminal is shown in Fig. 16.6.1

I

I
I

1
—.
FIG.

16.5a.—Photogr&ph
of r-f head,interredview

The cathode and heaters of the second grounded-grid stage are run
off ground with the help of an r-f choke (L~, I?ig. 16.4), because it is not
convenient to get a second coaxial coil into this single intcrstage circuit
and because one coaxial coil is required for the plate circuit of the first
stage.
The chassis construction of the r-f head ~vith removable cover and
shields provides a good cmnpromisr brtJreen rasc of construction and
L The idea of using b(itton coudcnwrs to
suggestedby E. h-. Stocfolaof (hmp Ev:ius.

l)ypass tl]c ends

(}f cosxisl coil~ IYaS
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The shields are riveted onto the cover and then concareful shieldlng.
nected to the subchassis through small phosphor-bronze fingers. The
chassis and cover are fabricated from brass and then silver-plated to
provide the best possible connections. Through the use of the
silver-mica feedthrough condensersas bypass units, the decoupling
circuits in the heater, plate-voltage, and switching
leads are
completely isolated below the subchassis, as shown in Fig. 16.5b.
The r-f chokes used inthese decoupling circuits werermtfound to
be critical in sizeand werewound
with the aid of a high-frequency
Q-meter to be approximately selfresonant at the center of the tuningrange.
Alltheadjustable coils
are tuned with silver-plated brass
slugs. The slugs have threaded
shafts and run in split aluminum
FIC. 165b.-Photograph of r-f head, back
bushings.
They can then beadview showing filtering.
justedfrom the front panel of the
receiver and locked in place with the knurled nuts shown in Fig. 16.5a.
A smooth-bored split bushing is also used to lock the oscillator tuning
condenser in position.
, Button condenser

.,

..

..

!

Soider

FIG. 166a.-Pbotograph of
coil and one terminal.

FIG.166b.-–Enlarged sectiondrawingof
oneterminalof coil.

When the r-f heads are switched, interference from the local oscillators or the noise developed in the second amplifier and mixer is eliminated by turning off the plate voltage to the unused amplifier.
The
application of the negative voltage to the grid of the first amplifier is
necessary, in addition, to provide the duplexing as previously described,
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since otherwise the first amplifier would load the input circuit even though
its plate voltage is turned off.
16.7. I-f Duplexing.-Since
there are two r-f heads in this receiver
and only a single i-f strip, some sort of duplexing scheme, such as that
shown in Fig. 16”7, is needed to connect these three units. Each of the
r-f heads goes by way of a 5-db T-pad to a tap on the input coil of the
first i-f stage. The pad arrangement is located in the i-f amplifier
chassis and is designed to have the same characteristic impedance as the
The length of
coaxial cables connecting the r-f heads to the amplifier.
these interconnecting cables is thus rendered uncritical.
In order to
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FIG. 16.7.—1-[

duplexing

circuit.

obtain a satisfactory gain from the output stage of the r-f heads into the
low-impedance line (95 ohms), series-resonant matching circuits are used.
Since the transfer impedance of this type of circuit is to a first order
independent of the impedance of the load into which it works, it will not
be affected to any marked degree by changes in the cable length or cable
terminating impedance.
The impedance, looking back into this type
of coupling network from the load resistor (or in this case, the i-f cable),
is found to be very nearly a short circuit at the band center. This short
circuit would cause a severe distortion of the pass band of the opposite
r-f head except for the total of 10-db attenuation provided between the
two heads by the pad arrangement.
An alternative coupling circuit, which will work well in situations
where the cables between the r-f and i-f units can be kept short, is shown
in Fig. 16.8.
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In this circuit the output capacity of the two r-f mixers, the interconnecting cables, and whatever stray capacities may be present are all
tuned out by the i-f input coil L1. In order to maintain the required
bandwidth with this circuit it is necessary to add resistive loading in the
form of Rj. The entire coupling circuit then is equivalent to a simple
single-tuned circuit.
The maximum transfer impedance that will be
obtainable with this circuit will depend upon the bandwidth desired and
the amount of capacity present. This circuit will give better results if
the interconnecting cables can be kept short as compared with the circuit of Fig. 16.7 and their capacities correspondingly low. If, on the
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FIC.16S.-Alternative i-f duplexingscheme.
other hand, long cables are necessary, the circuit of Fig. 16.7 will probably
prove more satisfactory.
I-F AND VIDEO AMPLIFIERS
16.8. I-f Strip .—Because 30 Me/see was an intermediate frequency
in common use with many radar sets, it was chosen for this receiver.
Subsequent developments have indicated that an intermediate frequency
of about 60 hIc/sec would have been very helpful in combating the serious
Depending upon the r-f bandwidths
image problem that is encountered.
desired and the image rejection required, either a higher or a lo~ver interAs has been premediate frequency might be chosen for a future set.
viously indicated, the best noise figure can be obtained from an r-f
amplifier by making it as narrow as possible.
For this receiver, therefore, the r-f heads were made with as narrow a band as the over-all
bandwidth (4.0 hIc/see) requirement would allow. Then in order to
make certain that the i-f bandwidth would not further narrow the over-all
bandwidth, it was made 10.0 lMc/sec wide. Although this technique is
most desirable in order to obtain the best possible noise figure, it results
in a selectivity characteristic that does not drop off as rapidly outside
the pass band as might otherwise be possible.
The best pentode tube available from the standpoint of gain-bandwidth product at the time this receiver was designed was the 6.AK5 for
which g~/2~C = 66.6 Me/see (Sec. 6,5), This tube also has the advan-
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tage of being small and having a fairly low power consumption.
For an
over-all amplifier gain of 100 db the optimum bandwidth for synchronous
single-tuned stages is obtained by using 23 tubes and the over-all bandwidth is only 7 hIc/sec.
In addition to requiring a prohibitive number of
tubes, the amplifier obtained in this manner is narrower than the required
10.0 Me/see.
Thus, for an amplifier of the bandwidth and over-all gain
required, synchronous single-tuned circuits are out of the question.
By
using the scheme of staggered tuning of single-tuned circuits, however,
it is possible to obtain an over-all gain of 90 db and an over-all bandwidth of 10.0 Me/see using only six 6AK5 stages. This is accomplished
by using two stagger-tuned triples.
The 6AK5’s are assumed to have a g~ of 5000 pmhos and an interstate capacity C of 12 ~pf (see Sec. 6,5).
The required stage gain is
~ = 15 db, or 5.6x. Under the stated assumptions 6AK5’s have a
g~/2rC of 66.3 Me/see.
A stagger-tuned triple will have the same
over-all bandwidth as a single-tuned stage having the same stage gain.
Thus, the bandwidth of each triple will be 66.3/ 5.6 = 11.8 Me/see.
The complete amplifier is to be made of two such triples, which will have
an over-all bandwidth of 0.86 times the single-triple bandwidth, or 10.2
Me/see.
It is now necessary to determine the circuit constants for each
11.8-llc/sec-wide
triple. For each triple, Af/fo = 6 = 11.8/30 = 0.395;
from Fig. 64, Chap. 6,’ d = 0.200 and a = 1.18. Thus each triple consists of two stages of dissipation factor 0.200 stagger-tuned at
30 X 1.18 = 35.4 Me/see
and (1/1.18) X 30 = 25.4 h’Ic/sec and a centered stage at 30 Me/see,
having a dissipation factor of 0.395.
From the dissipation factor and
center frequency of each stage in the triple, the load resistors may be
calculated according to the expression
(1)
where jo = the stage center frequency,
d = the stage dissipation factor,
C = the interstage capacity.
The results for each triple are shown in Table 161.
The values of
load resistance given in this table assume that all the interstage loading is
furnished by these resistors. The actual value of the load resistors will
be somewhat higher than the table indicates to take into account the
interstage loading due to hliller effect, cathode-lead-inductance
feedback,
and coil losses.
1 See

also H.

Wallman,
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j,, Me/see
25.4
30.0
35.4

I
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PARAMETEFH FOR STAGGER-TUNED TRIFLE

d 1
0.200
0.395
0.200

Af, Mc/8ec
5.1
11.8
7.1

I

Load resistance,
ohms
2610
1120
1880

The circuit of the actual i-f strip for this receiver is shown in ~ig.
169.
It is apparent that the load resistors actually used are considerabley higher than the values of Table 16.1. The first and last interstage
circuits of the amplifier are tuned to the center frequency of 30 Me/see.
The second and fourth stages are tuned to 35.4 Me/see, and the third
and fifth stages are tuned to 25.4 Me/see.
No particular significance is
to be attached to this order, since the tuned circuits might well be
arranged in any other manner.
It does usually seem desirable, however,
to make the input and output stages the centered stages. Since the
exact calculation of the load resistors is not feasible, the line-up procedure is to choose experimentally the load resistor that gives the required
bandwidth at the proper center frequency for each single-tuned circuit.
It is for this reason that the individual-stage bandwidths were listed in
Table 16.1. This experimental adjustment is most easily made with the
aid of a swept-frequency signal generator as indicated in Sec. 12.2.
This i-f amplifier was designed to be entirely fixed-tuned.
In order
that variations in tube capacity may have a minimum effect upon the
pass band of the finished amplifier, the adjustment of individual circuits
for bandwidth and center frequency should be made with a special set
of tubes chosen to have capacity values lying at the center of the possible
capacity variations for the tubes. As the loading of the tuned circuit
preceding the detector is adjusted, the bandwidth of this circuit will
vary with the level of the measuring signal because of the variable loading
of the diode detector.
The circuit is generally adjusted to have the
proper bandwidth with the detector operating at or near its normal
operating level; for the receiver under construction, this is an output of
about 1.5 to 2.o volts.
The gain control for this i-f strip is obtained by introducing a negative
This voltage can be made
voltage to the grids of the first two tubes.
sufficiently large to cut off the flow of current in these tubes completely.
Since the amount of gain change that can be had in this manner is about
40 db per stage, the control of two tubes provides a gain-control range of
about 80 db. If a wider range of gain control were required, a third stage
would have to be controlled.
Because the shape of the over-all pass band
is the product of the shapes of the individual tuned circuits, varying the
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level of the gain control will not affect the shape of the over-all pass band
as long as it does not affect the characteristics of the individual stages
controlled.
Unfortunately, however, this method changes the tube gain by varying the space-charge conditions inside the tube and so influences the
characteristic of the tuned circuit connected to the tube grid. The most
pronounced effect, if there is no feedback in the stage, will be variation in
input capacity.
It is found that the input capacity of typical tubes
decreases by about 1.5 p~f as they are varied from full gain to minimum
gain. This change in capacity will be found very nearly proportional to
the g~ of the tube and so may be compensated for by a feedback scheme
that introduces a reduction in capacity proportional to g~. One such
feedback scheme is to introduce in the cathode lead of the gain-controlled
stage a small unbypassed resistance that introduces a reactive admittance
into the grid circuit given by the expression
jB = ‘jtigmCg,Rk,

(2)

where C~c = the tube grid-cathode capacity,
●
Rh = the resistance in the cathode lead.
By proper choice of the value of Rk this feedback may be made to
compensate for the normal input-capacity
change for a considerable
range of gain change.
This feedback, however, reduces the normal gain
of the compensated stage. The second stage of the i-f amplifier in Fig.
If more d-c cathode bias is required
16.9 has this sort of compensation.
than will be furnished by ~kj a second bypassed cathode resistor may be
added in series with Rk to make up the required value.
A bottom view of the i-f amplifier with its cover removed is shown in
Fig. 16.10. Of primary interest is the arrangement of the individual
stage grounds, the decoupling circuits used, and the insertion of the small
shields to reduce the waveguide feedback (see Sec. 10.4). If these shields
are to be effective, they must be solidly grounded on at least two sides.
In reducing feedback due to sti-ay ground currents between stages, it is
extremely important that the individual stages be grounded as indicated
in Fig. 16.9. The grid circuit, cathode bypass, screen bypass, and plate
circuit should all be grounded to a single point for each stage. The
arrangement of parts with respect. to the socket used to accomplish this
is seen in Fig. 16.10. To prevent feedback between stages due to the
fact that a common plate- and screen-voltage supply is used, decoupling
circuits are introduced between each tube screen and the common supply
line. In addition, for the first t~vo stages, which are at the lowest level
and thus most susceptible to feedback, the. voltage-supply line has been
broken up with two additional decouphng circuits.
All plate-decoupling
circuits in this amphfier are simple EC-filters using 1000-ppf condensers
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and 220-ohm resistors.
If greater isolation were required or if high currents were being carried, r-f chokes would probably have been substituted
for the 220-ohrn resistors.
One of the most likely sources of feedback in a
high-gain i-f strip is the gain-control circuit for the first two stages. To
prevent this feedback the gain-control circuits have been carefully filtered.
In addition, as soo~ as possible the gain-control lead is run away from the
input of the intermediate frequency through a shielded lead. Experimentally, the i-f amplifier is tested for regeneration by observing its overall pass band with a swept-frequency signal generator and oscilloscope as
the position of the gain control is varied.
If the amplifier is free from
regeneration, the shape of the pass band will not change appreciably as
the gain control is varied from full gain to minimum gain. It is desirable
to make the limit level of the last i-f stage as high as possible.
This is

accomplished by running the last stage at the highest plate and screen
voltages allowable.
These voltage levels necessitate the use of a higher
voltage supply and separate decoupling circuits for the last i-f stage of
the receiver.
As has been pointed out, the i-f amplifier was designed to be entirely
fixed-tuned.
The results obtained in this manner were satisfactory
because the i-f bandwidth was so much greater than the r-f bandwidth
that some change in the shape of the i-f pass band with various sets of
tubes (usually in the form of tilting of the pass band) could be tolerated.
If the amplifier were to be used in an application where more critical
requirements were put on the shape of the pass band, it would be desirable
to introduce a single tunable circuit for trimming purposes.
Thk tuning
could be accomplished with a single slug-tuned coil, which would prove
most effective if inserted into the input or first interstage circuit.
16.9. Video Amplifiers.-The
second detector is one-half of a 6AL5
diode arranged to give a negative output signal. This signal is fed to
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the video amplifier where it is amplified, limited, and fed to output cables.
A circuit diagram of the video amplifier and the detector is shown in
Fig. 1611.
The 6AG7 provides a fixed output level of +40 volts limited,
whereas the 6AK5 provides a variable output of from O to +16 volts
limited.
The inductance LIS in the plate lead of the detector serves the
double purpose of providing some video peaking and acting as a choke

I
1

FIG. 16.1l.—Circuitdiagramof video amplifier and i-f detector.

‘,

for intermediate frequency.
The condenser CW is introduced to improve
the rectification efficiency of the detector.
The test jack in series with a
30,000-ohm resistor is inserted to provide a means of observing the d-c
output of the detector.
For testing purposes a 100-~a meter is inserted
in the jack as an output meter. This meter is used for tuning the r-f
head and measuring the over-all noise figure and bandwidth.
As was previously indicated, the shortest
pulse that this receiver was expected to handle
is 2.5 psec long. The wide bandwidth in the ~
T
r-f circuits was required because of instability
Re
c
in associated equipment rather than by the need
for fast response.
As a result the video ~vas m
T
designed to have a rise time of 0.5 psec, which
~Io. 16.12.—cou@ng cirwit.
should be sufficient for reproduction of pulses
2.5 psec long.
At high frequencies the coupling circuit between the second detector
and the first video stage is equivalent to the circuit shown in Fig. 16.12.
Considerable improvement in the gain-bandwidth
product of this
circuit can be had by suitably choosing the value of the series inductance
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= 2CR2.
In this amplifier, however, the coupling circuit was sufTherefore, L was made only large
ficiently wide without any peaking.
enough, 30 ph, to serve as a good choke for the intermediate frequencies.
The total capacity in this circuit is about 30 ppf, which with the 5100-ohm
load resistor and without any peaking gives a bandwidth for this circuit
of 160/(30 X 5.1) = 1.05 l.Ylc/see,
The interstage circuit between VIG and VIT is equivalent at high frequencies to the circuit shown in Fig. 1613.
Since the impedance of the voltage divider feeding the second stage
is high, it maybe neglected.
This circuit is then a common shunt-peaked
video circuit (see Chap. 8). An improvement over the simple RC-circuit
of about 2 in the figure of merit can be obtained by making L = CR~/2.
For a 6AC7 driving a 6AG7 the total interstage capacity is about 25 ~lf.
The ~’alue of the load resistor in this interstage circuit is determined by
the gain required.
Because it is extremely difficult to maintain the lowfrequency response of video stages using a bypassed cathode-bias resistor without resorting
to prohibitively large values of condensers, the
first video stage is run at zero bias. Under
1+
this condition the maximum currents that can
FIG.1613.-Interstage circuit.
be handled by the tube are determined by the
screen dissipation.
With the screen running at very nearly its rated dissipation and with the maximum plate voltage of about 180 volts available,
the no-signal current to the 6AC7 is about 11 ma. After some loss in the
output cathode followers and some variability due to tubes were taken
into account,, the load resistor was chosen to be 5100 ohms. For this
value of resistance the optimum peaking coil is calculated to be
L

L = (25 X 10-”)

‘5’1 ;

10’)2 = 325 X 10-6 ~h.

A coil of 300 ~h is sufficiently close to this value. Since the voltage
divider used has an impedance of 25,000 ohms, the net interstage impedance at low frequencies is (25)(5.1)/(25
+ 5.1) = 4200 ohms. Therefore, the nominal output voltage of this stage with a limiting signal (one
that will completely bias off the tube) is 11 X 10–3 X 4.2 X 10+3 = 46.2
volts.
The bandwidth of this interstage circuit is about twice the
unpeaked bandwidth, or 2 X 160/25 X 5.1 = 2.5 Mc/sec.
The peaking
network in the output circuit of the high-voltage cathode follower VIT
is the same as the circuit shown in Fig. 16.13. The voltage gain of the
cathode-f oll ower circuit is
(3)

SEC.

1610]

POWER

SUPPLY

437

For g~ = 9000 pmhos and Rk = 1200 ohms, this is
CJ=

10.8
—
= 0.915.
11.8

Therefore, the normal output voltage for a limiting signal will be
0.915 X 46.2 = 42.3 volts.
The total capacity of the cable and load to
be fed is 140 ,u,uf,so a peaking coil of 100 ph is required.
The bandwidth
of this circuit is then 2 X fig X 1.2 = 1.9 hfc/sec.
The variable output voltage was obtained through an adjustable voltage divider consisting of a 15,000-ohm fixed resistor in series with a
10,000-ohm potentiometer.
The variable voltage obtained from the arm
of this potentiometer is fed to the grid of a second cathode follower VZO,
which is designed to feed a capacity load of about 80 ~pf. Because of
the lower capacity load, no peaking circuit is used in the output circuit
of this stage.
The low-frequency response of the video amplifier or its response to
long pulses is determined by the time constants of the various interstage
coupling condensers with their respective grid resistors and by the time
constant of the screen bypass condenser and dropping resistor for the
first video stage. Since the longest signal that this receiver is expected
to reproduce faithfully is a 100-psec pulse, these time constants were all
made considerably longer than 100 psec. The time constant of the
coupling circuit from the detector to t’i?e first video grid has to be made
somewhat longer than those in the grids of the cathode followers or the
screen circuit, because any change in the voltage across this coupling
condenser during a long pulse will be amplified by V 16and thus have a
greater effect on the output signal.
When no signals are present in the receiver, the high-voltage cathode
follower V,T normally operates at a rather high value of bias. The
normal operating point is then on a very nonlinear portion of the tube
characteristic.
When signals are present in the amplifier, however, the
d-c bias on the grid of thk tube tends to change, thus causing both a shift
in the operating point of the tube and, because of the nonlinearity of the
operating region, a change in the gain of the stage and in the outputsignal level. To prevent the change in output-signaj level, the other half
of the 6AL5 diode is connected from the grid of VI, to ground in such a
manner as to prevent the change in the operating point of the grid. Such
a tube is commonly called a ‘( d-c restorer. ”
16.10. Power Supply.—In addition to the power necessary for the
various heaters, this receiver requires three supplies of d-c power. The
r-f heads, five of the i-f stages, and the screen of the first video stage
require +120 volts.
The total current drain is about 120 ma. The last
i-f stage, the high-voltage cathode follower, and the plate of the first
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video stage require + 180 volts at a total drain of about 45 ma. Finally
a negative supply is needed to provide a switching voltage for the r-f
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FtQ.16.14.—Power-supply
circuit.

head duplexing circuit and to provide a bias for the gain control on the
first two i-f stages. Since thk voltage is to be used for the gain control,
it should be regulated to prevent changes in line voltage from seriously
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Actually, if good regulation with
affecting the gain of the receiver.
respect to line-voltage changes were required, it would be necessary to
regulate the voltages to the screens of the i-f and video amplifiers as well.
A single transformer with a tapped high-voltage winding is used to supply
three rectifiers which make up the three d-c supplies needed. The circuit of the complete supply is given in Fig. 16.14. Since the current
drain on the negative supply is only about 5 ma, a half-wave rectifier is
used. Filtering and regulation are obtained through a simple RC-network and the VR- 150 voltage-regulator tube. The other two supplies
are full-wave rectifiers filtered by choke-input LC-filters.
The 120-volt
supply uses a 5R4GY because the 6X5GT does not have a sufficiently
high current-carrying capacity.
Since this supply feeds all the low-level
stages in the receiver, it requires more filtering than the 180-volt supply,
which supplies only the output stages. The 100,000-ohm bleeder resistors across all of the supplies serve to discharge the filter condensers.
Figure 16.15 shows a photograph of the completed receiver.

CHAPTER
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BY H. LOGEMANN,JR.
The work to be described in this chapter was occasioned by the need
for retransmitting radar video signals over a radio link. It was desired
that this link should introduce no appreciable degradation of the signals
in either frequency characteristics or noise. The system chosen was
frequent y modulation with a deviation ratio not much greater than unity.
The difficulties encountered in conventional radar receivers as a result of
the wide dynamic signal range are, of course, eliminated in this case,
Certain special
since the radar video signals are already limited.
problems were however encountered in the application of pulse signals to
an f-m system.
GENERAL REMARKS REGARDING THE DESIGN OF F-M RECEIVERS
17.1. Noise Considerations.—A
good insight to f-m receiver performance can be gained by reference to the work of hf. G. Crosby,’
An extension of his work, by H. hl. James,2 includes c-w and pulsed
interference problems.
In general, they have shown that at low signal
levels or strong interference, the a-m system is to be preferred to the f-m
system.
Frequency modulation, however, does show better performance
at high signal levels, and in particular, a large-deviation-ratio
f-m system has a decided advantage over amplitude modulation against strong
impulse noise.
The relative performance of f-m and a-m receivers on the basis of peak
signal and peak fluctuation noise is shown in Fig. 17”1. These curves
were derived by adding the mathematical expressions for the f-m carrier
and noise, passing this voltage through an ideal limiter by making the
amplitude coefficients constant, and then plotting the resultant peak
carrier-to-noise ratio as a function of the peak signal-to-noise ratio. The
term “ carrier-to-noise” ratio is used to denote the signal-to-noise ratio
before the second detector in an a-m system or before the limiter and discriminator in an f-m system, whereas” signal to noise” refers to the signal111. G. Crosby, “Frequency-modulation h’oise Characteristics,” Proc. IRE, 25,
472-514, April 1937.

2H. M. James, ‘1NToteson Noise, Interference,and Distortion in F-m Transmissions,” RL Group Report No. 43–3/23/45.
440

SEC.

172]

GAIN

REQ(:IREMENTS

441

to-noise ratio after detection.
Inana-m receiver, thesignal-to-noise ratio
is the same as the carrier-to-noise ratio, at least for carrier-to-noise
ratio > 0 db, as is indicated in Fig. 17”1 bythestraight line through the
origin at 45°. However, in frequency modulation the signal-to-noise
ratio is greater than the carrier-to-noise ratio at large signal levels. In
Fig. 17.1itis seen that atacarrier-to-noise
ratio ontheorder of20db, an
f-m receiver with a deviation ratio of 4 has a signal-to-noise ratio approximately 16 dbabove thesignal-to-noise ratio of the a-m receiver and that
with ade~iation ratio of unity the
improvement isabout5db.
This
improvement is seen to be constant for high signal le~-els but
then drops suddenly as the signal
level is decreased.
The point at
which the sudden drop crosses the
a-m curve is called the “improvementthreshold. ” Note that with
a large deviation ratio there is a
greater improvement in signal to
noise but that the required signal
level to reach the improvement
threshold is less for the small
deviation ratio.
1
This is really an oversimplified
t’
picture of the relative performance of f-m and a-m receivers, as
it considers only peak signal-tonoise conditions.
Other factors,
20
:
10
0
such as interference and distorPeak carrier to peak noise ratio inW
tion, come into the picture to alter
F1o. 171.-Relative performance d“.~.m~
and a-m receivers.
the appraisal of the over-all systemfrom that given here. Reference should be rnadetothework
of Crosby and James mentioned ewili&
for a more complete discussion of these relative merits.
17.2. Gain Requirements.—It
is assumed that the f-m receiver is to
be used in a system where the carrier-to-noise ratio isalways well above
the improvement threshold, asthlsis theonly case where the better performance of frequency modulation over amplitude modulation is realized.
This is equivalent to the statement that the ratio of the input carrier
signal level to the equivalent noise level at the input circuit is at least
as great as the improvement threshold.
Proper operation of an f-m
system requires that there be sufficient i-f gain to bring any usable input
carrier level up to the point at which limiting occurs. In other words,

kzLl-
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the ratio of the voltage at the limiter grid that just produces limiting to
the noise voltage at the same point should again be equal to or somewhat
less than the improvement threshold.
If the ratio is greater, some
potentially usable carriers }vill not be limited and no noise reduction will
be obtained for them; if the ratio is much less than the improvement
threshold, some excess i-f gain is present. Since the voltage at the limiter
to produce limiting and the equivalent noise voltage at the input circuit
may both be determined, the above considerations permit calculation of
the necessary i-f gain between these two points.
The effective rms noise at the grid of the first tube is given by
(1)
where k = Boltzmann’s constant = 1.3S0 X 10– Z3jmde per “K,
2’ = absolute temperature, “K,
R = effective resistance in grid circuit,
B = noise bandwidth.
If the input circuit is a transitionally cmlpled douldc-tunrd circuit loaded
on the primary only, then

c,

R= 2[{’

(2)

T,’

\vhere R, = primary loading,
Cl = primary capacitance,
c1 = secondary capacitance.
The value of noise given by Eq. (1) is then multiplied by the square root
This noise figure must be estimated
of the noise figure of the i-f amplifier.
in the early stages of design but can bc measuredl after the first model has
been built.
17.3. Bandwidth Requirements.—The
bandwidth requirements for
sinusoidal frequency modulation are well known, and only a brief discussion of bandwidth requirements for a pulsed f-m signal will be given here.
It has been showm by Jamesz that for ~ <<,, where 3 is the pulse length
and r the period between pulses, the spectral distribution of a pulsed f-m
signal as that shown in Fig. 17.2 can be approximated closely by considering the complete wave train consisting of three parts:
1. A continuous wave of frequency j,.
2. A sequence of pulses of frequency j., duration 6, with intervals of
(, – ~), having equal amplitude and opposite phase to the above
wave.
I See Chap. 12.
zH. M. ,James,“ Harmonic Analysis of Rectangular F-m Pulses,” RI. Group
Report No. 43-5/2.5/4.5.
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3. A sequence

of pulses of frequency j,, duration 6, with interval
(. – 6), filling in the gaps in the wave train created by the interference of Items 1 and 2.

The spectrum will correspondingly
1. A few strong lines of frequency j., carrying most of
the energy.
2. .4 distribution
of 1i n es
around j,, with intensity
varying like that for a pulse
of duration 6, carrying a
fraction 6/r of the total
I
*
Time
energy.
3. A distribution of lines near
FIG. 17.2.—A pukedf-m signal.
f..
with
an
intensitv
distri...
bution like that for a pulse of duration 8, carrying a fraction 8/. of
the total energy.
Thus the bandwidth must be equal to the frequency deviation plus that
required to pass a pulse of duration 6.
17.4. Limiter Design.—The function of the limiter in an f-m receiver
is to remove amplitude modulation from the carrier. The limiter can
be either one or two stages, the two-stage, or cascade limiter, being preferred. The problem to be met in its design is (1) to have the output
constant over a large range of input voltage, thus reducing amplitude
modulation, and (2) to have the time of operation short enough to reduce
impulse noise effectively.
Single-stage Limiters .—The usual design of an f-m limiter is based on
grid limiting and takes the form shown in Fig. 17.3. If the applied voltage is large enough to draw grid
current, the voltage developed
across the resistor R will charge
C
condenser C negatively.
During
the negative half of the cycle, the
R
condenser charge leaks off through
R.
If RC >> l/jo, the negative
v
+
volta”ge thus developed across R
FIG. 17.3.—Usual designof an f-m limiter.
at the grid of the limiter tube
will be proportional to the applied input voltage.
Under these conditions
the effective range of voltage change in the grid circuit, responsible for
plate current change in the plate circuit, will be that lying between the
cutoff of the tube and the point at which the tube draws grid current.
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Thus the effective grid swing -will be constant and independent of the
magnitude of the applied voltage as long as the applied voltag~ is large
grid current.
enough to clraw
By lowering the plate and screen voltage on the limiter stage, the range
of the effective grid-voltage swing can be reduced.
This not only reduces
the voltage required for cutoff but can also cause plate current saturation,
or plate Limiting, if the plate-load resistor is large enough for its load line
to fall well below the knee of the tube characteristics.
In wide-band
limiter design, the plate-load resistor cannot, in general, be made large
enough to take advantage of plate limiting.
Even though the effective grid swing is constant, the output of the
limiter is not necessarily constant, because with large input voltages
enough bias can be developed to cause Class C operation of the limiter.
As the angle of plate current flow is reduced with increase of input voltage,
the harmonic content of the plate current increases and the fundamental component, which is the only one passed by the tuned discriminator, is therefore reduced.
The limiter therefore has constant output over
a certain range of input voltages but has reduced output at higher input
voltage levels. The above discussion assumes that the effective grid
swing is constant.
Actually, this is not the case. The effective grid
swing will be constant only if R is much greater than the grid-to-cathode
resistance when the grid is conducting,
Thus, by reducing the value of
h’, the grid swing will increase slightly with increased signal level, and a
critical value of R can be found where this increased grid swing just
balances the loss in output due to the smaller angle of plate current flow.
This choice results in a limiter that can be made to have relatively constant output over a wide range of input levels. The limiter is still not
completely satisfactory, however, because of impulse noise considerations.
Impulse Noise and Time Constants.—The value of C should be large
enough that the time constant IW is much greater than l/.fo (jo being the
intermediate frequency) in order to assure reasonable efficiency in
developing bias voltage but not so large that the circuit cannot recover
The shortest impulse or the fastest ampliquickly after a noise impulse.
tude modulation that can be passed is determined by the bandwidth of
the i-f amplifier.
When a step function is passed through an amplifier,
the rise time, from 10 to 90 per cent of its amplitude, is approximately
0,7/@ sec. The duration of the rise and fall of the shortest impulse that
can be passed by the amplifier is, therefore, approximately 2/@ sec.
If an attempt is made to have the time constant be, say, + the duration of
the shortest impulse, the two requirements stated above imply that
1
36

>RC>~.

f,

(3)

SEC.

17.4]

LIMITER

DESIGN

445

Equation (3) can be satisfied only if 3(B < f,; often this condition cannot
be met in wide-band recei~ers where it is not uncommon that 3~ >$0.
If the bandwidth is fixed by the required deviation or transient response,
the only thing left to do is to increase the intermediate frequency.
Usually wide-band receivers are used in systems having a deviation
ratio greater than unity and, therefore, have video circuits that are too
narrow to pass the fastest impulse transmitted by the i-f amplifier.
If
the limiter time constant is chosen on the basis of video rather than i-f
bandwidth, a large noise impulse passed by the i-f amplifier may overload
the first video stages. Thus it is desirable to follow the above expression
even in the design of the receivers for large deviation ratios.
Another complication in the design of grid limiters is the change of
loading on the coupling circuit caused by grid current. A large time
constant, obtained by increasing R, reduces the loading but slows down
the action of the limiter.
The effect of this additional loading can be
reduced, however, by using a small L/C ratio in the tuning circuit, resulting in a decreased load resistance for a given bandwidth.
This large
L’ will also reduce the effects of changes in the input capacitance of the
tube.
The above difficulty is not so likely in broad-band receivers
where Q of the circuit is less than 10.
Even though single-stage limiters have found considerable use, the
compromise required among fast action, constant output, and loading
and gain of the previous stage indicates the desirability of two-stage
limiters or cascade limiters.
L’ascade Limiters.—The cascade limiter consists of two single-stage
limiters in series. The first stage is designed for most effective elimination of impulse noise with no regard for constant output, and the second
stage is designed for constant output, leaving the burden of removing
impulse noise to the first stage. The time constant of the second stage
is not important and can be made large. This will result in most constant output, since the first stage does limit to a certain extent and there
will be little danger of the output falling off at larger input levels.
It is necessary that the short time constant be in the first limiter, so
that fast variations of the amplitude will be removed before being applied
If this were not done, a noise impulse could develop
to the slow limiter.
enough bias to reduce the signal level below the point where the second
limiter could follow.
THE RECEIVER AS BUILT
The activities of the Radiation Laboratory were terminated before a
finished design for a receiver was available.
Two models were, however,
assembled from available parts in order to permit some tests of a complete
system,
It was expected that these would be mounted in a truck for use
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in field-strength measurements.
The power supply was therefore provided with electronic regulation which would probably be unnecessary
in a fixed installation.
A block diagram of the complete receiver is
shown in Fig. 174, and a photograph of the receiver is shown in Fig.
17.5. The r-f assembly, including the magic-T mixer for the signal
channel and the frequency-stabilizing
circuit for the local oscillator, is
mounted on the panel above the i-f amplifier.
The LO frequency is
controlled by the r-f discriminator described in Sec. 3.17.
The complete circuit diagram of the receiver is shown in Fig. 17.6.
Themagic-T
mixer differs somewhat from those previously describedin
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FIG.17.4.—B1ockdiagramof receiver.
that the two crystals are inserted in the waveguide in opposite orientations. The i-f outputs may therefore be added directly, thereby simplifying the design of the input circuit.
17.5. The Input Circuit.-The
input circuit is a m equivalent of a
double-tuned circuit and was used because of its ease in alignment and of
obtaining separate crystal current outputs for each crystal.
It is shown
in Fig. 17.7.
The bandwidth of the input circuit was designed to be 20 Me/see
when transitionally coupled, with RI equal to 200 ohms. The i-f impedance of crystals is usually considered to be about 300 ohms, which, with
two crystals in parallel, would make RI equal to 150 ohms.
However, if
possible, it is considered good practice to design the input circuit to be
transitionally coupled at a higher resistance.
This is done to minimize
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the change of bandwidth of the input circuit caused by the change of
To facilitate adjusting the
crystal impedance with crystal current.
circuit, a “ tuning ring” (shorted turn) has been used on L. and Lb. In
production these could be eliminated.
A photograph of the input
circuit and part of the i-f amplifier is shown in Fig. 17.8.

The impedance reflected from the primary to the secondary as given
by Eq. (2) is about 1000 ohms. This results in about 13 pv Johnson
noise and, assuming an optimistic noise figure of 5 db (the noise figures
of these receivers have never been measured), will give about 24 pv
noise at the grid of the first tube.
17.6. The I-f Amplifier.-The
i-f amplifier consists of eight doubletuned stages with an over-all bandwidth of about 11 Me/see centered
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at 60 Me/see.
The stages are identical, with the exception that the gridbias gain control is applied only to the second, third, fourth, and fifth
stages. Each stage has an average gain of about 14 db and a bandwidth
of about 21 Me/see.
The effective loading on the secondary consists of
the input impedance of the 6AK5 tube which is about 7000 ohm! ,at
60 Me/see, in parallel with the resistor of 1100 ohms. This results m a
secondary loading li~ of 950 ohms. With a 6AK5 tube having a transconductance of 3600 pmhos, the gain per stage is 3.53 times, or 11 db.
Thus the minimum over-all gain that is ever likely to be observed will be
approximately 88 db.
By carrying out in detail the I]mcwlure suggested in Sec. 172 it was
found that the rms n{)isr tit the grid of the Iimitcr should be at least 0.12
volt,. ‘llus the mer-all i-f amplifier gain mwt be

:;= 20 log 24 0.12
XIO--,

= 74

db.

The gain of 88 db actually provided is thus seen to be somewhat more
than is absolutely required, Another design might eliminate one i-f
stage.
17.7. The Limiter.—The most successful limiter used in this receiver
is shown in Fig. 179.
Ilecause the design of the interstage transformer
‘Gcm’””~f

1’.,,,,:=
(F
!, .

.
.

1’1<..179.-Circuit dlag!alt~of Iirniter.

in the i-f ampliticr called fur a secondary loading of 1100 ohms, this
resistor was used in the grid circuit, of the limiter.
The 51-ppf coupling
condenser makes the grid circuit time constant 0.056 psec, or about onefourth the duration of the shortest impulse passed by the i-f amplifier.
Since the 1100-ohm load resistor is the ~ame order of magnitude as the
grid-to-cathode resistance when the grid is conducting, very little bias will
be developed.
The use of a germani~lrn crystal as a diode overcomes this
diffimllty, as the resistance of the crystal when cond{lcting is appreciably
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less than that of the load resistor. The same interstage transformer was
used in the plate circuit as in the other i-f stages. Inasmuch as the load
is too low for plate limiting, the plate and screen voltages were made the
same as the other stages. The gain of each limiter stage is about 3, so
that even with full plate and screen voltage, the grid of the last limiter
stage is never driven to the point where the output of the second limiter
decreases. Placement of the time constant of the second limiter in the
ground side of the secondary coil was merely for convenience; its value of
50 psec was chosen arbitrarily.
When the gain of the i-f amplifier is so
adjusted that noise develops 0.1 volt bias at the grid of the first limiter,
the ratio of peak limit level to noise is about 6 or 7 db.

=

B+

L= 5t ~ 28E
Lb

5t #28E

J.c

10t #28E

.—

=

FIG. 17 10.—Discriminator

=

;D
Iron core 0.2” dia.
Type G5 (stackDole)
circuit and transformer assembly.

17.8. The Discriminator.—Two
types of discriminators have been
used successfully in these receivers. The first is the conventional FosterSeeley discriminator with the primary split so as to achieve coupling on
both sides of the balanced secondary.
The coils are wound on a type
G5 (Stackpole) iron core. Details of the coil form and assembly are
given in Fig. 17.10. Discriminators of this type, centered at 60 Me/see,
have been made fairly linear over a range of about 15 Me/see, the bandwidth between peaks being about 20 Me/see.
The second type of discriminator used is shown in Fig. 1711.
This
discriminator is much easier to adjust in that there is no mutual inductance and all three coils can be adjusted independently by the use of
“tuning rings. ” Although this particular discriminator is not quite so
wide as the discriminator of the Foster-Seeley type mentioned above,
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there is no reason to believe that this represents an upper
band}vidth.
It is about 17 Me/see ~vide between peaks.
the relative ease in its adjustment, the second discriminator is
be preferred.
However, it should be possible tomakeeither
tor fixed-tunedin production.

17.8
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FIG. 17.11,—Alternative

discriminator circuit.

In Fig, 17.12 the over-all receiver pass band is shownat two different
signal levels. With a signal that just produces limiting, the discriminator
is seen to be linear to +2 per cent over a range of f6 LMc/sec. Note
also that as the signal level isincreased, the bandwidth between the peaks
of the discriminator increases. This behavior is a consequence of the
presence of thelimiterancl thefact that the bandwidthof thediscriminator is greater than the bandwidth
+3F
I
The useful
of the i-f amplifier.
discriminator bandwidth is then
determined not by the actual discriminator bandwidth but by the
bandwidth of the i-f amplifier.
The action of the limiter, however,
must also be considered.
For ,a
constant input voltage of variable
frequency, the magnitude of the
Frequency m Me/see
output voltage of the i-f ampliFlo, 1712. -1 Leceiver output
characteristic
fier will be determined by the i-f
at two signal levels,
amdifier
pass band.
However
the input to the discriminator will be constant and independent of th~
For a
i-f amplifier pass band as long as the signal is large enough to limit.
given input voltage] then, the input voltage to the discriminator will fall
as soon as the signal deviates far enough from resonance to be reduced by
the pass band of the i-f amplifier to the point where it no longer limits.

~
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Thus theover-all recei~rer pass band isscento bcafllnction
of the input
signal level, although the slope of the discriminator characteristic will
remain constant.
17.9. The Video Amplifier.-The
video amplifier is of conventional
design. Two 6AK5’s in parallel are necessary to obtain the required 2
volts of video output across the
75-ohm line. So little gain is re+120V
quired of the video amplifier that
it is necessary to add shunt capaci- AGC from first t
limiter grid
AGC voltage to
tance to the coupling circuit to
~i2nd, 3rd, 4th, & 5th,
make the bandwidth sufficiently
i-f amplifier stages
narrow.
+
17.10. Automatic Gain Con1
T
trol.—The negative voltage developed at the grid of the first limiter
can be used to advantage for
91k
AGC purposes.
Even though the
10 k
I
output of the limiter will be conGain control =
-I05V
stant over a large range of input
FIG. 17.13.—Schematic diagram of circuit
for applying AGC voltage,
voltages, it may be advisable to
use AGC to protect the later
The AGC voltage is taken
stages of the i-f amplifier from overloading,
directly from the grid of the limiter through a high resistor, as shown in
Fig. 17.9. Since it is desirable to limit on low signal levels, it is necessary
to incorporate an amplitude delay of about 20 or 30 db. This delay was
obtained by the use of a 6SFJ7, half of which was used in a diode clamp
12 10 8 6 4 2 -

o

o

10

,
20

1
30

aPPlled to grids
m i-f amplifier

1
40

1
50

I
60

Input voltage (db above Iimlt level)

FIG.1714.-Performancc of AGC.
circuit and the other half as a, cathode follower to bring the .4G~ voltage
to the grids of the four controlled stages. The circuit is shown schematically in Fig. 17.13. In Fig. 17,14 the performance of the AGC is shown.
The voltage developed at the grid of the limiter is used as the ordinate

!
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rather than the actual receiver output because the output of the limiter
would be constant in any event. From Fig. 17.14 it may be seen that
the delay is about 30 db and that enough ‘AGC voltage ‘is available to
prevent i-f overload.
17.11. Vacuum-tube
Voltmeter.—A
conventional
zero-centered
VTVM is built into the receiver to read either the voltage developed at
the grid of the first limiter or the output of the discriminator.
The
manual gain control is set so that thermal noise develops about 0.1 volt
at the limiter grid. At this value the limiter is known to operate at the
improvement threshold.
The voltmeter is used in the discriminator
position to facilitate tuning the receiver.
The O to l-ma meter is also
used to measure tryst al current.

I

CHAPTER
BEACON

18

SUPERHETERODYNE

RECEIVERS

BY .J. H. TINLOT
INTRODUCTION
The problems arising in the design of superheterodyne receivers for
covering a very wide band of frequencies (so-called “wide-coverage”
receivers) with relatively high sensitivity ~vill be treated in this chapter.
The term “wide coverage” effectively describes the function of such a
receiver because it is intended to receive simultaneously signals having
carriers located anywhere in a given band of frequencies, whereas the
customary broad-band receiver is made to reproduce with good fidelity
a signal of constant carrier frequency.
There are cases where a superheterodyne receiver of conventional
design can bemade broad enoughto cover the required frequency range.
Where this range is approximately 50 Me/see or greater, however, new
methods of attack are needed.
The general requirements of this type of superheterodyne introduce
special problems, one of which is the analysis of the theoretical maximum
sensitivity.
Although thei-f bandwidthof such areceiver must be very
large, the video bandwidth after the second detector need be only large
enough to give the fidelity required by the particular application.
Since
the i-f bandwidth may be, in some cases, forty or fifty times the video
bandwidth, the calculation of the noise figure of the whole receiver
becomes complex.
In a conventional receiver the midfrequency for the i-f amplifier may
be chosen more or less arbitrarily and in particular may be made large
enough to minimize noise originating in the local oscillator.
Here, however, it is intimately concerned with the frequency coverage desired.
Similarly, the input circuit to the first i-f stage isdetermined by bandwidth considerations instead of optimum noise figure.
The receivers that have been built have been intended to receive a
signal in the form of a pulse 2 psec long. Since the i-f bandwidth is
much larger than the video bandwidth, modification of a receiver for a
different type of signal is simply a matter of adjusting the characteristics
Therefore, the treatment
of the circuits following the second detector.
can bernadegeneral.
Because of thespecific applications of theexamples
treated, the measure of sensitivity is in all cases taken to be the power of
455
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pulse, which produces at the ~mt,putof the rwwiver whatis called
a” tangential signal.’” Such asignalis illustrated in Jig. IM,I. AILhfN~gl)
this definition is easy to interpret visually from an oscill~~sc(~pepresentation, a tangential signal maybe defined rnorerigorously as a signal 8 db
a2-Psec

Pulsed signal at
receiver output

above
anyother

therms

noise power

clefinition

;from this stanrlarcl

of sensitivit

ycan})etrans-

without much tr-ouble.
18.1. Methods of Approach. —Three meth~
ods of approach that make possible a coverage
several times greater than is possible by con1
f40ke(somewhat idealized)
ventional means have been developed.
These
FIO.lS.1.—Tangentialsigrlul.
have arbitrarily been named (1) the singlesideband method, (2) the switched-LO method, and (3) the frequencymodulated-LO method,
Examples of each of these are shown in J?igs. 182 to 184, in which
typical figures have been used for ease of explanation.
The single-sideband method would at first seem to be merely an
extension of a conventional superheterodyne for larger bandwidths.
A
receiver is built using an i-f amplifier whose bandwidth is equal to the
required r-f coverage.
Although heterodyning produces r-f acceptance
bands on both sides of the local oscillator, only one of these is used, the
other merely adding a problem in reducing erroneous response and
interference.
The difference from the conventional superheterodyne
arises from the fact, previously
Useful r-f
mentioned, that although the i-f
< coverage
\
bandwidth must be made large
for wide coverage, the video band———————
width need be only large enough
~ (Band covered ~
for correct fidelity.
In this case,
, but not used) ~
I
I
the video bandwidth was made
3334 3346
3416
3264
about 1.5 Me/see, whereas the i-f
J“in Mc\sec
33’40
bandwidth was made 70 Me/see.
FIG.
lS2.-Single-sideband
receiver. I-f
Furthermore, the shape of the i-f
bandlimits are 6 and 76 Me/see.
pass band is unimportant as long
as it results in fairly uniform sensitivity over the band to be covered
(70 Me/see in this case), and the location of the pass band in the
frequency spectrum is completely arbitrary as long as it does not overlap into the video-amplifier pass band.
In the example shown in Fig.
18.2, the i-f amplifier has a pass band extending from 6 to 76 Me/see.
It therefore allows the use of an i-f amplifier that makes possible much
larger bandwidths, with large gain, than may be achieved by any conventional means (Sec. 18.2)
The switched-LO method (a typical example of which is illustrated
\

lated

h

l~’ofrequenc
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in Fig. 18.3) covers an r-f band much wider than the i-f bandwidth at the
For instance, Fig. 18.3 shows
expense of some sacrifice in performance.
a scheme whereby a bandwidth of about 126 Me/see is covered, which is
much greater than can be covered by the first method.
Using the numbers of Fig. 183, consider the operation of the receiver with the local
oscillator tuned to frequency A (9390 Me/see).
Since the i-f amplifier
passes frequencies from 8 to 48 Me/see, r-f signals of frequencies 9398 to
9438 Me/see and 9342 to 9382 Me/see will be amplified.
If, now, the
local oscillator is tuned to frequency B (9360 Me/see), the frequencies
in the ranges 9312 to 9352 Me/see and 9368 to 9408 Me/see will be covered. If the local oscillator is switched rapidly between frequencies A
and B, a band between 9312 and 9438 Me/see will be covered although
considerable regions will be covered for only half the time. This halfLocal oscillator

Local oscillator

B

A

9360

9390

~

Bands covered at B

~

Bands covered at A

FIG. 1S.3,—Switched-LO

receiver.

fin

Me/see

I-f band limits are 8 and 48 Me/see.

time response is the sacrifice in performance mentioned earlier. Often,
by adjusting the LO switching rate to a particular value, the loss of
response because of the time-sharing property of the receiver can be
made unimportant, although it is always a fundamental limitation.
In a sense, the most versatile broad-coverage scheme is the f-m LO
method.
In the single-sideband method, the total r-f coverage equals
the i-f amplifier bandwidth, which is sharply limited by existing comIn the switched-LO receiver, the i-f bandwidth
ponents and techniques.
is about one-third of the resulting coverage; therefore the practical maximum coverage is essentially multiplied by three. In the f-m LO method,
the i-f bandwidth need be only one-sixth, one-tenth, one-fourteenth, etc.,
the r-f coverage, depending upon how far the scheme can be carried.
If
more than one LO frequency is simultaneously injected into the mixer,
the r-f coverage will be multiplied by the number of local oscillators if
conditions are right. A possible way of doing this is illustrated in the
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example of Fig. 18.4. Here a receiver is used having an i-f amplifier
If a local osc~llator A is tuned
}vith band limits of 1.0 and 21.0 Me/see.
to 9375 Me/see, then the r-f coverage is obviously 9376 to 9396 Me/see
If, in addition, local oscillators Z? and C
and 9354 to 937-I Me/see.
are also present and their frequencies also injected into the mixer, then
bands of 9314 to 9334, 9336 to 9356, 9394 to 9114, and 9416 to 9436 Mc/
Thus, except for three 2,0-Mc/sec
sec ]vill be covered simultaneously.
gaps, a total band of 122 Jlc/sec (9314 to 9436 l’fc/see) will be covered
by an i-f amplifier having only a 20-Mc /’see bandfvidth.
Although it is possible to (WCmultiple local oscillators, a much simpler
means of accomplishing the same result is to apply freqllency modulation
In the velocity-modulated
oscillators used in
to a single oscillator.
Local oscillator

Localoscillator

Local oscillator

A

c

B

9
I
9335

9356

6

I

9396

9375

I
9415

f m Me/see

Band covered at A
Band covered at B
Band covered at C
lS.4.—Frcqucncy-modulate{t-LO
~

m
~

I’IG.

receiver.

I-f

band limits are 1 and 21 Me/see,

microwaves this is fairly easy. It will be remembered that an oscillator
of frequency j., frequency modulated at a rate j~, ~vill produce discrete
side frequencies at j,,, (j,, t j,.), (-f,, + 2~,,,), (f, f 3.f~J. etc. Thus, by
choosing f., as the required separation of the local oscillate ~,the end effect
is the same as if several oscillators ~vere simultaneously injected into the
mixer.
It is desirable that the multiple local oscillators used in the manner
It is a relaexplained above have approximately the same amplitude.
tively simple matter to adjust the amplitude of frequency modulation
(that is, the de~iation) to result in having f,,, ~~+ j- and j. – f~ about
equal; the difficulty of such an adjustment increases as the requu-ed
number of side frequencies increases.
In the example of Fig. 18.4, j~ is chosen as 40 Me/see.
From the
mathematics of f-m theory, it is found that a deviation of t 57 Me/see
}rill prodllce abollt equal fundament:d (j,,) and first side frequencies
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(f. ~f~).
The problem then reduces to tuning the local oscillator,
without modulation, to frequency.,
then applying the required amount
of 40-Mc/sec frequency modulation.
Although it is more difficult, it is possible to make use of further
removed side frequencies and thereby increase the receiver coverage
(withthesarne
i-f amplifier design) almost at will. The main obstacle
to great extension of this procedure is that to obtain fair conversion
efficiency in the bands due to side-frequency local oscillators, the LO
power must be above an amount determined by the type of mixer.
Furthermore, since each frequency acts like a separate oscillator, each will
cause the crystal to put out excess noise due to it and will contribute LO
noise, just as if the frequency were due to an entirely separate oscillator.
Thus a severe limitation of sensitivity is encountered.
The problem of the gaps that appear in Fig. 18.4 can be solved in different ways, depending upon the type of signal to be received.
The

b~

(a)
FIG. 18.5.—.l

2-#see

(b)
pulse

width

l-Me/see i-f carrier. (a) I-f pulseidealized;(b) possikde
detectedpulse.

reasoning so far has inferred the reception of c-w signals, whereas it has
been stated that 2-psec pulsed signals were considered in all of these
examples. If a 2-psec pulse has its carrier at, for example, exactly
9375 Me/see, a small amount of energy will be received, since the frequency spectrum of an ideal pulse extends to either side of the carrier
with decreasing amplitude.
The loss (compared with the sensitivity in
the middle of the bands) in the case of such a 2-Me/see gap will be considerable; therefore some time-sharing scheme may have to be adopted.
One possibility is a low-frequency wobbling or switching of all the local
oscillators so that frequencies in the gaps are covered a substantial fraction of the time.
The consideration of what happens to 2-psec pulses in the gaps and
near the gaps brings up one of the great limitations of this type of widecoverage receiver—that of limited fidelity.
A 2-~sec pulse whose carrier
has a frequency of 9376 Me/see, when heterodyned with the 9375-.Mc/sec
local oscillator, will produce an i-f pulse with i-f carrier of 1.0 Me/see.
This pulse will, therefore, contain no more than two cycles, such as the
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Jvaves shown in Fig, 18.50.
Since no possible means of detection can
give a good 2-psec pulse from such an i-f pulse, the receiver can at best
gi>e~J-~veformsa ttllese conddetectorsu chasthosesh
o~vninl`ig.
185k
Therefore, most conceptions of good fidelity must be abandoned.
For
instance, if the signal at the receiver output is to be used merely for
triggering succeeding circuits with fairly lenient requirements on delay,
then this arrangement can be made practical.
One of the first two
schemes outlined previously must be considered for any application
requiring good reproduction of a pulse or other video signal.
In the third example, the f-m 1,0 type of receiver, the i-f amplifier
needed must be conceived on entirely different principles from those of
conventional amplifiers,
Although a 20-LIc/sec-wide
amplifier can be
built by the usual means, the location of this band (1.0 to 21,0 Me/see)
is so unusllal as to present a considerable problem.
On the other hand,
this requirement lends itself very ]vell to the scheme explained in detail
in Sec. 18.2,
18.2. I-f Amplifier Requirements.—The
i-f amplifier for wide-coverage
applications must have

1. Sufficient gain, This, in general, means that the amplifier must
hare gain such that the noise (and consequently the smallest
signal) drives the seumd detector into the linear region. For a
diode second detector, this signal must be approximately 0.5
to 1,0volt.
2. I“ery large bandwidth.
The examples enumerated in Sec. 181
are typical of conditions that may be met; the i-f bandl~-idths
stipulated, eren in the f-m 1.() receirer, are very great compared
with those achieved with ease in customary radar i-f amplifiers.
3. Specified minimum ~’ariation in gain over the acceptance band.
This springs directly from the fact that the receiver, for optimum
performance, should have as nearly constant sensitivity as possible
over the band to be covered.
T“ery great variations in gain will
result in reduced sensitivity at the points of weakest gain. This
effect cannot be compensated for by increasing the total amplifier
gain, because the signal-to-noise ratio at the weakest gain points
will be much m-orsethan in the case of constant gain.
I“nlike the radar-receiver case, no restrictions whatever are made on
the shape of the i-f amplifier pass band for reasons of fidelity.
It is well
kno~rn that in the case of a narrow i-f amplifier (that is, one in which the
bandwidth is comparable to the width of the signal-frequency spectrum),
a pulsed signal fvill ha~e overshoots or “ ringing” unless the shape of the
pass band is rarcfully designed.
In the wide-coverage case, however, the
i-f pass band is much ~vider than the pulse-frequency spectrum.
The
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ringing introduced is therefore of extremely high frequency and is completely eliminated in the video amplifier, ~vhich is of normal width for
usable reproduction of the pulse. Therefore, the necessary bandwidth
can be achieved by the use of circuits that, if used in a conventional
radar i-f amplifier, would cause impossible distortion.
Thus, the construction of an i-f amplifier using a coupling circuit embodying shuntseries peaking or compensation is absolutely practical, although it is
automatically ruled out in the radar case for the reasons given above.
The remainder of this section will give briefly the theory of i-f amplifier
design using shunt-series peaking and necessary design data for typical
problems.
The general procedure is to “ synthesize” a bandpass amplifier by
making use of a low-pass filter as a coupling circuit and rejecting a band
of frequencies from zero frequency up to the frequency chosen as the
desired low-frequency cutoff point of the amplifier.
That this scheme
possesses considerable advantage may be shown qualitatively, as follows:
Any attempt to improve the gain-bandwidth product of an amplifier
stage almost invariably involves increasing the complexity of the circuit,
that is, increasing the number of components necessary to construct the
desired filter. Thus, although the gain-bandwidth
product may be
Furthermore, added
increased, there is greater difficulty of adjustment.
stray capacitance and inductance will at some point largely nullify the
resulting gain in efficiency of the filter. A practical limit in gain-bandwidth product, which will in general be relatively far from the theoretical
For a four-terminal network,
upper limit, will therefore be reached.
this limit is equal to 7rz/2 in units of g~/2rC.
However, a low-pass
filter having the same gain-bandwidth product as the corresponding bandpass filter will be considerably simpler, particularly in the number of
components.
Thus, it may be possible to go much farther toward the
theoretical limit before the practical limit in complexity is reached.
DESIGN CONSIDERATIONS
The gain per stage of an i-f amplifier that is sufficiently wide for the
applications contemplated here will necessarily be small; consequently
The choice of a coupling circuit
a large number of stages will be needed.
must be made with this in mind.
For example, suppose that two coupling
circuits were available having response curves such as those shown in
Fig. 186.
If only one stage were to be used or if transient response were
an important factor, the circuit giving curve (b) would be far superior.
However, if 10 or so such circuits were put in cascade, the over-all bandwidth ~vould be less than would be obtained with circuits giving curve (a).
It is easy to compute the rate at which the over-all bandwidth of cascaded
uncompensated RC-coupled stages falls off. If f. is the 3-db cutoff fre-
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cascade will have a cutoff frequency

<2’/”

–lj,.

For n greater than 5 this may be written approximately
j.

= 0.834&
~n

On the other hand the series-shuntpeaked coupling circuit gi~-es a
I
response curve much more like
curve (a) in Fig. 18.6, and the
bandwidth of cascaded stages is
0.707
only a few per cent less than that
of a single stage. Although the
&
g
loss of bandwidth with cascaded
~
stages can be reduced by such
schemes as using staggered tuning
Frequency
or feedback chains, not only are
FIG. lS.6.—Frequency
response of hypothese solutions inferior to shunttheticalcouplingcircuits.
series peaking in over-all gainbandwidth product, but the greater difficulty of adjustment and construction makes such schemes of questionable practical value.
Computations concerning the general case of low-pass filters, including
the case of the shunt-series-peaking filter, were made by O. H. Schade. 1
The usable system for designing such filters, as outlined by Schade, was
actually a combination of conven-o
li
tional filter theory and the corn$
T
4
J
pilation of experimental data for
+
representative practical cases. In
‘1
E2
c,
C21
brief, Schade’s method is as follows.
‘1
He first pointed out the advantage
R~
of a four-terminal network over a
I
I
A’
two-terminal network, considering
FIG. 18.7.—Schade’soriginalfour-terminal
only the bandwidth and neglecting
network.
the flatness of response (that is, the
necessity for constant transfer impedance).
Since for use in VaCUUrntube coupling circuits the shunt arms of the filters must include the tube
and circuit capacitances, Schade reduced the number of types of filters
to be considered to a workable number and then treated the case of the
circuit given in Fig. 187.
This is the circuit for the shunt-series-peaking
filter, but without any damping of the series arm. Experimental deterThus

for n = 10, j. = 0.27f.:

1RCA LicenseLaboratory Report, 1938.

I
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mination of the resulting transfer-impedance
characteristics (supplemented by calculation of a few points as a theoretical check) revealed
that the filter was remarkably insensitive to changes in the ratio of
capacitances in the two shunt arms although all the response curves
showed a sizable peak in transfer impedance near the cutoff frequency.
By further experimental manipulation, Schade established the amount of
damping of the series arm required to form a very nearly flat transferimpedance characteristic (Fig. 18.8) for several ratios of input to output
capacitances.
R’
J,-.
L
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I
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0.10

0.2

0.4

0.6

1.0

2

4
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F~G. 18.8.—Frequency-response
curvesof shunt-series-peaking
filters,
The insensitiveness of the filter to these ratios is evident from the
curves of Fig. 18.8. This does not, however, mean that for given values
of resistance and inductance the capacitance ratio can be varied without
altering the characteristic but that a filter can be designed for a widely
varying ratio of capacitances with very nearly the same advantage in
gain-bandwidth product.
18.3. High-frequency
Cutoff .—Table 18.1, which is compiled from
Schade’s report, gives the information necessary to design a shuntseries-peaking filter for ratios of output to input capacitance (C1/Cz) of
0.3, 0.5, and 1.0. These ratios cover the range ordinarily to be expected
in vacuum-tube applications.
It is, however, possible to interpolate
for ratios other than those given above with reasonable assurance of
success because of the insensitiveness of the filter to these ratios. Of the
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0.96
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2.0
2.5

0.76

3.0

six components involved in the filter, only one can be independently
determined inacoupling-circuita pplication.
This onevariable is determined either by the bandJvidth or by the gain (Ivhichever is to be the
Iimiting factor).
All the other parameterseitherarefixedor arefunctions
of the chosen parameter.
This fact followsbecauseC, andC, ,theoutput
and input capacitances, are ordinarily invariable because they have
presumably been reduced toa practical minimum.
As an example, for a wide-coverage-receiver application, it is generally
desirable to design the filter for a stipulated bandwidth and to cascade
the necessary number of stages to obtain the required gain. Thus, if
Af = desired bandwidth, f. (the cutoff frequency of the filter) can be
found immediately from Column D, Table 18.1 for the correct ratio
C,/C,.
Then the quantity R can be calculated immediately from the
equation.

Knowing R, the actual load resistor R. is obtained from Column C,
Table 18.1, andsimilarly theseries-damping resistor R'is determinedly
use of Column B. The series-inductance arm L is then given by
L = R2C,

The filter is then completely designed. 1
For the common high-frequency pentodes (6.4 C7,6AK5, 6AG5) the
ratio CJCZ, computed for the capacities within the tube itself ~~ithout
any wiring, is about 0.5. The gain-bandwidth factor is then approximately 2.5 (Column E, Table 18.1). It is seen from Column E that
for C1/Cz = 1.0, the greatest gain-bandwidth factor (3.0) is obtained.
If it is possible, therefore, the circuit should be so laid out as to make the
total capacities approach the ratio 1.0, by adjusting the placement of
1To design au amplifier using a large number of cascaded stages, the required
bandwidth of onestage canheobtained by assuminga lperccnt reductionin handwidth for each stage.
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on the input side,
parts
to provide the minimum str~y capacitance
~ccdless to say, no extra capacity should be added in the process.
The incorporation of the shunt-series-peaking filter in a high-gain
amplifier is most simply accomplished as shown in Fig. 18.9. Since the
load resistor l{. will ordinarily be
cc
small for the bandJvidths contem L
plated, the plate and screen voltEl
age can come from a common
+
supply.
‘l’he drop in voltage
across J/,, due to plate-current flow
R~
will usually be small and ~vill not
___
-----.—
impair the pentode characteristics.
cd
A single decoupling network (R,~
~
Rd
Rg
and C(j) }\ill therefore sllffice. The Rk g
Iv
B+
=
choice of a grid-return circuit ~vill =
FIG. 18.9.—Practical pentode coupling circuit,
usually be influenced by several
using shunt-series peaking.
considerations, some of which w-e
treated in detail in the succeeding sections,
18.4. Low-frequency
Cutoff .-’l’he
use of the shunt-series-peaking
type of coupling filter for a bandpass application requires additional
circuitry to provide the necessary rejection of a specified range. of the low
frequencies.

Although numerous methods of accomplishing this rejection are
available, the choice of a particular scheme will be dictated by two considerations,
The first is simplicity, and the second is the amount and
the sharpness of attenuation of the ION-frequencies required by the
In the interest of simplicity, a
particular application contemplated.
means of lo~v-frequency rejection involving circuit elements independent of the coupling-circuit filter is greatly desirable,
In cases where
this is not suitable, additional coupling filters providing selective attenuation are indicated.
A simple method of providing limited attenuation over a range of
frequencies is the introduction of an appropriate network in the cathode
circuit of the amplifier tube. If Z~ is the magnitude of the impedance in
the cathode circuit of the (pentode) amplifier stage, then the gain is
reduced in the ratio
s=
s

-.-!.-.
1 + q.,zk’

where s = gain without net~vork,
$’ = gain with net~vork,
and g~ = transconductance of tube.
Thus, if g~z~ >> 1, ($’/@ = (]/zk).

.
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Onesuitable network issholvn in Fig. 1810a.
Theresistance R~maY
tledeternlilleci bytl}ed esiredd -coperatillgc onditionsf orthet(lbe.
The
ind~ictance and capacitance ma.v be determined from the follolving contiidcrations. Denote by ~0 the frequency at which the reactance of the
t,ondenser C’Ais equal to the resistance ~k; that is,

~“ = z.;xk”
Furthermore, suppose that %r~,,~.= PI~~,~ = ~~~ck.
1.6
1.4
1.2
1.0

Rk

D
Ck

Lh

Izl
~

0.8
0.6

0.4

0
0

1

1

0.5

1.0

1

1.5

)
2,0

1

2.5

3.0

~
Jo
FIG. Isloa
FIG. 1810b
F1~. 1S. 10a. —Cathode degenerative filter for Iow-frequenry
FtG. 1810h.--fmpwJarlce
rurves for cathode filter.

rejection.

Figure 18. 10b shows curves of the impedance of the network as a
function of frequency for different values of p. For all these c~lrves,
Z,/Ii, + 1 at j = O, and Z~/Ii, ~ j,/j for large values of frequency.
,Suppose now that j: is to be the low-frequency cutoff for the whole
amplifier, of which n stages are to have cathode degeneration.
Then
(s’/~)’
= l/@.
Xow if f; is larger than about 3j,,, the asymptotic expression

●

May

}Je

USe~.

z, = ~kfi
f
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I

From these expressions one obtains
$’=

s

1

~ + ~mRkq = 2’:’”’
f.

For n > 4, this may be written with sufficient accuracy as

I

!
Thus, if ngmRk > 1, the expression used above for Z~ is valid.

Therefore

The value of p may be chosen more or less arbitrarily, approximately
0.6 being most common.
An inspection of the curves for Zk/R~ shows
that for this value of p the degeneration at ja will be nearly the same as at
zero frequency where it is
SJ=

s

1
1 + g~Rk”

Thus, if ng~Rk > 1 just holds, the total reduction in gain will be only
about 8 db, which in most cases is insufficient.
If, however, gmRk > 1,
more than 6 db per stage will be obtained, which is usually adequate.
This then may be taken as the
.—,
limiting condition for the type of
From previous
———+ -..
cathode degeneration.
--i
-(---”
stage
cc
\ r->,’
Where 1a r g e r low-frequency
~-l
attenuation is required than is pracLg
tical with cathode degeneration, a
high-pass coupling filter may be
T’ —
used. A filter with relatively sharp
y
FIG. 1S,11.—Grid filter for low-frequent
cutoff is desired, although simplicity
rejection,
is very important.
The addition of
any components in the coupling circuit adds both to the difficulty of
minimizing stray capacitances and to problems of stability.
A simple
solution is shown in Fig. 18.11. Since a single capacitance-inductance
filter is efficient in itself, it will seldom be necessary to use more than one
section of filter per stage. The appropriate cutoff frequency can be
calculated by conventional filter theory.

I
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18%. Limits of Performance. -As
for all types of amplifiers, the
shunt-series amplifier has definite practical limits on band~vidth, gain, and
flatness of response.
Obviously, the extreme limit on bandwidth is
reached when the stage gain reaches 1.0. For shunt-series peaking using
6AK5’s operated at a gn of 5000, the gain-bandwidth product is approximately 180 Me/see.
For bandwidths greater than 180 Me/see, therefore,
the amplifier would result in a loss rather than a gain.
The practical limit on gain cannot be established so easily. With
present techniques, a gain of above about 110 db in a single amplifier
becomes exceedingly difficult to achieve because of stability problems.
A more definite limitation on gain follows from the limit on flatness of
response.
Reference to the curves of Fig. 188 for the shunt-series-peaking filter
shows that although the frequency characteristic is very nearly flat, there
is, for each ratio of C1/CZ, a slight rise in gain near the high-frequency
cutoff point.
There does not seem to be any simple way of adjusting the
values of the filter to give an exactly flat response without losing conThis slight peak is insignificant
siderably in gain-bandwidth product.
when only three or four stages are cascaded but becomes much more
important when double this number of stages is contemplated.
The
values of the components appearing in the circuit also have an important
effect on flatness of response.
Tube capacitance variations and manufacturing tolerances of resistors and chokes all add a probable error ~vhich
results in sizable variations in the shape of the frequency-response curve. 1
A practical limit to the actual number of stages is, therefore, reached when
the combination of the peaked response of the filter and unavoidable
variations of components combine to produce the maximum allowable
variation in gain over the pass band.
Since the gain per stage is fixed,
the limitation of gain follows immediately if the amplifier is designed for a
particular bandwidth.
18.6. Input Circuits.—The design of a receiver using a shunt-seriespeaking type of i-f amplifier leads to a special problem in selecting a
satisfactory form of coupling between the mixer and the grid of the first
amplifier stage. Because of the very large bandwidth usually encountered and the particular frequency range, it usually is impossible to obtain
any voltage stepup in the input circuit and practically impossible to use
any of the conventional bandpass input circuits.
Following the same line of reasoning as that given in Sec. 18,2 for a
low-pass instead of a bandpass filter for i-f coupling, it is evident that an
input circuit of the 1ow-pass type is advantageous.
The simplest solu~A systemof tuningto overcomesuch variationsis theoreticallypossible,although
the prohlcm of making such adjustments in a multistage high-frequency amplifier
using a complicatedfilteris usually of prohibitive difficulty.
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tion would be to connect the output of the mixer directly to the grid of the
first amplifier stage, possibly through a blocking circuit.
The 3-db bandwidth of the input is then given by
1
@ = 2nRJcm + c,)’
where Rm and Cm are the mixer resistance and capacitance respectively
Where it is impossible to use such
and Cz is the tube input capacitance.
a scheme, more complicated filters can be considered.
The number
of applicable filter types is limited, however, because of the fact that
any additional resistive loading of the mixer results in a loss of signalto-noise ratio at the input and corresponding loss in actual receiver
sensitivity.

(a)
FIQ.18.12.—(u)

(b)
Series-peaking input circuit; (b) equivalent circuit.

The circuit most practical for this application is a series-peaking filter
(Fig. 1812a), which has the advantage of great simplicity (one or, at the
most, two added components) and considerable advantage over direct
coupling.
From the equivalent input circuit (Fig, 1812b), the value of
the series-inductance arm L can be calculated by the formula

where k = Ct/C~, and the bandwidth by the formula

6?= 1/21rRmcm.
The frequency characteristic of such a filter will show a sizable peak (sometimes as much as 6 db) near the high-frequency cutoff.
When this peak
is objectionable, damping of the series inductance L can be introduced
without affecting the bandividth or the sensitivity too much.
The
amount, of damping for the desired characteristic can, in general, be
determined most easily by experiment.
18.7. “Echo Suppression” Circuit.—All amplifiers are, in the strictest
sense, nonlinear devices.
Furthermore, their gain at any instant depends
to some extent on the previous history of signals to which they have been
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subjected.
Although such nonlinearity isordinanly thought ofasundesirable, it is often used to accomplish special tasks. There sometimes
arises a need, for example, to construct an amplifier that upon the recep-
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FIG. lS.13.—Echo suppression.
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(b)
Simplifiedcircuitillustratingwaveforms;(b) practical
couplingcircuit.

tion of a signal of specified strength becomes comparatively insensitive
for a definite period of time. The “echo-suppression” 1 circuit is one
possible scheme to accomplish this purpose.
1The term “echo suppression” originatedfrom a particularapplicationin which
the r-f echoes of a puked signal were to be suppressed in the i-f amplifierand their
effect minimized. Since these echoesnecessarilyoccurred after the main signal and
were known to be of leeser amplitude, the problem resolveditself as one of desensitizing the amplifier for the period of time in which undesired echoes were to be
of the Naval Research
expected. This problem was consideredby Dayle CollUp,
Laboratory,who is largely responsiblefor the solution describedhere.
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Although the necessity for this type of response is not peculiar to
applications involving the shunt-series-peaking type of amplifier, modification of this amplifier for such performance is particularly simple.
However, the general method of attack can be applied to most of the other
types of amplifiers.
The echo-suppression problem immediately suggests the use of some
Although so-called back-bias schemes
means of automatic gain control.
could be adapted to accomplish the desired variation in amplifier gain,
a much simpler solution involves only the circuit elements shovm in the
circuit of Fig. 18.9. By correct selection of the value of the grid return
resistor Ra and the coupling condenser C., an actual IAGC effect can be
obtained.
The grid circuit has been redrawn in Fig. 18.13a along with
the waveforms showing the response to an i-f pulse of 2-psec duration.
If the pulse has an amplitude A greater than the normal grid-to-cathode
negative bias V, the grid will be driven positive, and grid current will
flow, charging the condenser C.. Immediately after the pulse the grid
will be biased negatively by the charge on C., and the tube will
have reduced gain. The tube gain will return to normal as the grid
potential returns exponentially toward ground.
This effect is exactlY
For best operation, the tube must
what is sought for echo suppression.
be operated in such a manner that the tube input resistance (with the
grid positive with respect to the cathode) is minimized, in order that the
greatest possible grid current may flow during the pulse. Therefore
either the tube should be operated at zero bias or, where this is not
practical, the grid should be biased in such a way that no degeneration
results.
The time constants involved in the “ charge” (change of condenser
charge during the signal) and” discharge” (return of condenser to original
For
charge) must be correctly adjusted for the desired characteristics.
instance, for maximum efficiency the charge cycle should be, for all
practical purposes, complete before the end of the pulse, whereas the discharge time is dictated by the length of time during which the tube is to
have reduced gain. The charge time constant is seen to be the product
input
resistance
of the
of C, and (RL + R;), where R: k the effective
pentode when operated with its grid positive.
For the case of 6AK5’s,
the input resistance can be made as low as 200 ohms. If R. is given the
value 500 ohms, then a value of Cc may be calculated so that the resulting
time constant is less than the duration of the pulse (2 psec). For instance,
if 0.5 usec is selected for the charge time constant, then
c=;

=05x~6=710

#/.4f.

The discharge time constant is equal to C.(RL + R,), where Rg is the
grid-return resistor. Since C. has been set bv the above calculation, R.
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may then be determined so that the discharge time constant
reduction of the gain of the tube for the required length of time.
period is, for instance, 20psec, then
(RL+RJCC

=20X

10-’=

(R, +500)

X71OX

18.7

causes
If this

1o””

Solving,
R. = 27,700

ohms.

In practice, the circuit of Fig. 18.13b has been used. Here a condenser-choke filter (C., and L.) has been added.
A filter of this type is
essential for the rejection of low frequencies, since the use of cathode
degenerative circuits is impossible because of the requirement of high grid
Forthe above calculation, C. then
current for correct echo suppression.
becomes the series combination of C., and C.,. The inductance L.
ordinarily has no effect on the operation of the suppression circuit, since
it has a relatively high impedance for the frequencies concerned.
Fortrue suppression overlarge ranges of signal and echo amplitude,
it is not sufficient to use the circuit of Fig. 18.13 bin one stage only. The
stage for which the suppression circuit should first be considered is the
last amplifier stage at ~vhich point the signal is largest (that is, suppression
will start for the smallest signal input to the amplifier).
If, however,
signal and echo input to the amplifier are of sufficient amplitude to limit
before the last stage of the amplifier, then the signal appearing at the grid
of this stage will be a single elongated pulse. Reduction of tube gain will
then be effective only at the end of this elongated pulse instead of immediately after the main signal, and the purpose will be defeated.
Theoretically, therefore, the suppression circuit must be included in all stages. It
can usually be determined, however, at which point in the amplifier
limited signals will not be obtained at the maximum expected input to
the amplifier.
Suppression circuits in stages preceding this point will
then be unnecessary.
PRACTICAL EXAMPLES OF WIDE-COVERAGE RECEIVERS
The three examples of practical receivers that are described in detail
in this section illustrate the application of the principles described earlier
and in particular the schemes shown in Figs. 18.2 to 18.4. The characteristics of these receivers (based primarily upon production specifications)
are listed in Table 18.2. Comparison of these figures will show some difference in performance, particularly in power requirements, but, in general, the sensitivity and bandwidth attained are of the same order.
SINGLE-SIDERANDRECENER
A block diagram of the single-sideband receiver is shown in Fig.
18.14. This receiver was designed for an application requiring high
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18.8

sensitivity and good fidelity, with physical size and power requirements
secondary in importance.
Because of the bandwidth requirements, it
;vas found practical to use a single-sideband design making possible the
solution of the tuning rroblem by the use of an AFC circuit.
The
fidelity requirement n~c~ssitated f&ly careful construction of the video
amplifier, particularly in view of the circuits that were to follow the
receil’er,
From antenna
and TR

r

I
Local
oscillator

AFC reference
cavity

1

I
AFC amplifier
and discriminator

output

+

I

Crystal
detector

Video amplifier
45 db gain
0.1,7 McAec
I

Crystal
mixer
I’1~. lS.14.—Block

l-f ampllfler
76 db gain
6 Mclsec 76 Mclwc

Diode
2nd detector

diagram of single-sideband receiver,

18.8. Local Oscillator and Mixer.—As shown in Fig. 182, the local
oscillator is to be tuned to 33-10 JIc/sec in order to cover the required
band of 3267 to 3333 Me/see.
The oscillator used is the 21{28, a reflex
klystron ~vith external cavity resonator.
It is tuned either by varying
the position of tuning slugs in the cavity (so-called “ mechanical tuning”)
or by varying the reflector voltage (“ electrical tuning”).
As will be
seen in Sec. 189 on AFC, automatic tuning is accomplished by controlling
the electrical tuning, provided that the mechanical tuning has previously
been adjusted to approximately the right point.
A 1N-21A crystal is used for frequency conversion.
The exact r-f
system used is of some interest and is shown in semipictorial form in
Fig. 1815.
Besides feeding the crystal converter with signal from the
antenna and TR tube and 1,0 power, the r-f system must couple a suitable
fraction of the power to a reference cavity for AFC purposes.
As is
seen in Fig. 18,15, the received signal passes, essentially without interference, to the 1N21A converter through a +in. coaxial line. A
directional coupler of the coaxial type is used to couple LO power into
this line. The coupler is formed by constructing a ~-in. line using the
The two coupling
outer conductor of the ~-in. line as its inner conductor.
holes in the ~-in, line outer conductor result in about 17-db attenuation
in transferring LO power from the & to the ~-in. line. The 10-db attenu-
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ator (see Fig. 18.15) approximately terminates the &in. line and prevents
unwanted reflections of the LO power. Beyond the attenuator an adaptor couples into a reference cavity that is used for AFC.
The power
reaching this point, although attenuated by 10 db, is sufficient to operate
the AFC circuit.
The main advantages of this scheme are (1) that the local oscillator
will not be affected by anything that occurs in the AFC circuits (because
of the 10-db attenuator) and (2) that approximately constant input to
the AFC reference cavity will be obtained.
The second point is obvious
when it is remembered that for optimum operation the mixer should be
operated with a specified LO power that is adjusted to fairly narrow limits.
Localoscillator

directional coupler

ntenna
TR
R

f)

To AFC amplifier
FIG. lS.15.—Ii-f

connections of single-sideband receiver.

This adjustment can be accomplished by varying the coupling at the
point where poweris taken from the local oscillator itself (Fig. 1815).
If, therefore, the power reaching the mixer (and hence the power reaching
the directional coupler) is held almost constant, the signal reaching the
This property is important in
AFC cavity will also be almost constant.
that it facilitates the design of the.kFC circuits.
The AFC reference cavity is of the transmission type and results in
Its output is conattenuation of about 6 db at its resonant frequency.
nected through a 7-db isolating attenuator to the AFC detector (a 1N21A
crystal).
18.9. AFC Circuit.—The scheme used for AFC is similar to that
described in Chap. 3 under absolute-frequency AFC systems, the actual
circuit being that shown in Fig. 18.16. Its operation is similar to the
example treated in Chap. 3 except that the frequency modulation of the
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local
oscillator
(necessary to provide error signal) is accomplished at a
60-cps rate instead of at 400 cps. The resulting frequency modulation is,
in this case, less than ~0.2 lvIc/see, and the total error in LO tuning
including the effect of hunting that results from the use of the gas-tube
This tuning error is not
control circuit is not more than tO.5 Me/see.
objectionable in this application, since a margin of safety is included in
the actual frequency range covered by the receiver.
In ordinary operation no manual adjustment of tuning is necessary.
A visual check on
the operation of the AFC circuit is given by the mixer crystal current

v
v

L/___________

_______a

FIG-.1816.-AFC and manualtuningcircuits—single-sideband
receiver.
(which is read on meter 11, Fig. 18.16, when switch A’, is in position C).
When the gas-tube circuit is “ searching” (that is, sweeping the reflector
voltage of the 2K28) a periodic variation in crystal current occurs about
once every 2 sec. When the AFC has locked (that is, is holding the local
oscillator to the frequency of the reference cavity), the crystal current
will exhibit no such variation.
If adjustment of the mechanical tuning is
required as a result of insertion of a new oscillator tube or other change,
the same meter is used. The tuning slugs in the external cavity of the
2K28 are all turned so that they do not protrude into the cavity.
The
AFC will then be in the searching condition.
Each tuning slug is then
turned in very slowly.
At some point searching will be observed to stop
and the crystal current will remain stationary, indicating that the
mechanical tuning is such that the oscillator has been tuned to the right
frequency by automatic adjustment of the reflector voltage.
The tuning
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slugs
are then set to maximize this steady crystal current, indicating
operation at the center of the oscillator mode where it has greatest power
output and maximum tuning range in both directions.
On occasion, it may be desirable to tune the local oscillator by manual
means. This is accomplished by the use of the potentiometer R, and
RZ (Fig. 18.16) with switch SI in the manual position.
If the mechanical
tuning is known to be approximately correctly set, switch S2 is turned to
position R, which enables reading the amplified output of the AFC detector Xl on meter M.
The potentiometer R1 is first set so that a reading
of 0.02 or 0.03 ma is obtained on the meter. The coarse adjustment RI
is turned until an indication is obtained.
After setting the amplifier
gain control Rd so that the meter reading does not go off scale, a final
adjustment is made with RZj the fine control.
18,10. I-f Amplifier.-The
i-f amplifier used is of the shunt-seriespeaking type and uses selective cathode degeneration for low-frequency
rejection.
Its circuit is shownin Fig. 18.17a. This amplifier is a good
illustration of the advantage of the shunt-series-peaking circuit and also
of some of its limitations.
A gain of about 8.5 db per stage or an over-all
gain of 76 db is obtained in a nine-stage amplifier using 6AK5 pentodes
TABLE 183.-PARTs

I

LIST FOR CIRCUIT OF FIG. 1817a

of
wire
(enameled)
No,

Part No.

I
-1*“

3.80

43

30

L,

0.72

25

30

20 00 ~ 76

36

&<f diam. X
+“ long

35

~“ diam. X
~“ long

30

Hollow, ~“
diam. x ~“
~ long

L,, L,, L,,,
L13,

890i72

L,,, L,,,
LM, L,%
La,Lg, L,g,
L,s, L,,,
L?,, L3,,
L,,, L,,
L,, L,, L,,,
L,,, L,,,
L*,>L,,,
L,,, L,,

0,72 I

7

32

1..50 I 3:3
(
I

I

Singlelayer, Valuesnot
closewound critical
Singlelayer, Resonateswith
close wound 37 wvf at 30
Me/see
Singlepie,
Resonateswith
universal
30 ~uf at 6,5
wound
Me/see
Singlelayer, Resonateswith
closewound 30 ~uf at 9.7
Me/see

I

h,

Remarks

~

diam, X
$“ long
~“ diam. X
*“ long

L,

L,, La,

Method of
winding

Form

Singlelayer, Resonateswith
close wound 37 p~f at 30
Me/see

2.7k +W Allen- 1“
Singlelayer, Resonateswith
Bradley
close wound 18 p~f at 30
resistor
Me/see

I

I

+:
270

~

R5 { 270

]270

{ 270

JV

,..

—

\270

meter

!

%0.05
:
II

I All heaters
I in parallel
1
*

;
‘T
f
i
!,

6AL5
~ heater

6,8 k

FIG. 18.17a.—I-f

amplifier-single-sideband
on impedance bridge.

10k
?W
i Yo

receiver (see Table 183 for parts list).
Inductance values given as measured at 1000 CPS
All resistors ~ w and components t 10 per cent unless otherwise noted.

&
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and having the pass band of 6 to 7[i .Mc/sec.
The
limits means that in transforming a ~idco amplifier
O to 76 Me/see to a handpass amplifier, only $7, or
the bandwidth must be sacrificed.
The resulting

479

choice of such band
whose pass band is
about 8 per cent, of
circuit still gives a

tremendous advantage in over-all bandwidth over any of the usual true
bandpass schemes.
It was stated in Sec. 182t hat the practical limit on gain is closely
connected with the limit on flatness of response.
This amplifier illustrates this limitation in that the combination of bandwidth and high
gain results in considerable uncertainty in the shape of response curve.
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Tolerances in tube capacitances (about +15 per cent for 6AK5’s), in
resistors and condensers (~10 per cent), and in coils (i5 per cent) are
such that a variation in gain over the band of as much as 8 db must be
expected.
Inasmuch as tube capacitance variations have the greatest
effect, little improvement can be obtained by narrowing tolerances of
other components.
A som&hat unconventional scheme for providing grid bias is used
consisting of a combination of cathode self-bias and fixed positive grid
bias. This scheme hastheadvantage
ofallo\ving theuseof a fairly large
cathode-bias resistor (necessary for proper low-frequency rejection and for
minimizing the effect of tube variations) while still running the tube at a
low effective grid bias. The actual grid-to-cathode bias is adjusted to
0.6 volt which, with a 105-volt screen supply, results in a mutual conductance of 6500 pmhos (design center value),
A low-limit g~ of 5700
ymhos is thus obtained for design calculations (from the tolerance on
g~), compared with 3900 pmhos usually assumed for 6AK5’s under normal
operating conditions (120 volts on the screen, —1.5-volts grid bias).
It will be noted that a bus supplies all the grids from a bleeder with no
decoupling between grids. Satisfactory stability under these conditions
The exact
can be obtained only with extremely careful construction.
layout of one stage is shown in Fig. 18. 17b.
18.11. Second Detector and Video Amplifier.-The
fidelity of the
wide-coverage type of receiver is determined almost entirely by the
characteristics of the video amplifier, since the i-f amplifier has such an
extremely large bandwidth.
The statement of the fidelity requirement
for this receiver is given in Table 18.2 as a pulse rise time of 0.5 psec.
The video bandwidth must therefore be about 1 Mc/’sec. L The video
amplifier (see Fig. 18.18), although it has no power-output stage as such,
is arranged so that the last stage VZ can drive a monitor amplifier V~~, a
series diode VS. and a succeeding 6AC7 stage V4. The bandwidth of
thk portion of the circuit is actually over 2 Me/see, and the first video
stage VI has a bandwidth of about 1.7 Mc/sec.2
The circuits that the video amplifier drives are such that the minimum
signal for correct operation must have about 10-volt amplitude.
Since,
for maximum sensitivity, signals approximately equal to noise must be
received and amplified to useful level, the noise output of the video amplifier must necessarily be about 10 volts also. The gain of the video amplifier (about 45 db) is such that for the conditions of lowest i-f amplifier
1This value is obtained by making use of the well-known approximationgiving
the relation betweenvideo bandwidth and rise time by the following equation: Rise
time (in @cc) = 0.35 /banclwidth (in Me/see),
2 The diode V3. and the driven stage V4 are really part of the circuits that this
particular

receiver was to operate and are not strictly

receiver stages.
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gain (that is, with tubes having low g~) at least 10 volts of noise will be
producecl at the receiver output.
Although fidelity (and corresponding bandwidth requirements) and
gain were the important factors influencing the design of the video amplifier, it was also necessary to assure correct operation over the ~vhole range
of signal strength to which the receiver would be subjected.
This range
is essentially from minimum signal strength (a signal of the order of noise
amplitude) up to x signal strength sufficient to limit in the last i-f amplifier
stage. The signal appearing at the output of the second detector in the
Special
limiting case is estimated to be about .5 Yolts in amplitude.
+250 v

regulated

4T
270

8.2 k
2W Rh

“1=

6.8k2w

R3

56

-y

k+

0.1
l:lG. lS18.-V,deo

a,,,phfier

l!’+1
0.05

0,1

and
nlonitoring
One side of heater

$z,k ,.2,{100,1
circuit—si,lgle-sidclxmd
is grounded.

receiver.

Note:

precautions are necessary to assure that the rccciver t~-illrecover in the
shortest possible time after the reception of a signal as large as this.
Since the pulse at the output of the second detector is negative, the problem of coupling into the first video stage VI is to make the coupling time
constant (Cl X Z?J large enough to prevent the formation of a harmful
overshoot.
The problem of coupling J’l to the second video stage J-2
is complicated by the fact that the pulse at this point is positi~-e. It is
therefore practically impossible for large signals to avoid driving the grid
of l~? positive and causing long paralysis of the amplifier.
This problem
(which is a general one of high-gain multistage video amplifiers) is
analyzed in detail in Chap. 19. .1s there sbo!vn, the plate resistor R,
and R4 should be made large, and the grid resistor R; small. The parallel
combination of the plate and grid resistors is to gi~e the correct load
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This
comresistance,
calculated
from bandwidth
considerations.
bination results in negligible paralysis effect when the correct value of the
coupling condenser C2 is chosen.
2 ~ sec
Approximate waveforms
as
observed at the monitor point
under minimum and maximum
signal conditions are shown in Fig.
(a)
18.19. Since the monitor amplifier VSOis really a negatively driven
cathode follower, the waveforms
are not an accurate representation
2 u sec
of the actual waveforms to be expected at the output of Vz. It is
seen from Fig. 18.19, however,
that complete recovery of the receiver after a strong signal occu(b)
1.r,;. 1819.—W-avcforms
obtained
at
pies a period of about 10 psec.
n,ouitor point.
(a) Sig!,d 6 dh shove tanThis period was not considered
!w!ltl;d .twl:d; (b) signal GO db above tanobj actionable in the application at
Kclltial signal.
hand.
18.12. General Information. -Inasmuch
as there is appreciable varifition in i-f amplifier gain over the band, different absolute sensitivities
will result for signals of different frequencies.
A logical convention
therefore is to specify the sensitivity of the whole receiver as that sensitivity which is measured for a
8-10db
signal w h os e frequency corresponds to the point of minimum
i-f amplifier gain within the pass
band,’
In addition, the band col,eragr of the receiver is arbitrarily ---m--defined as that range of frequen- ~
B 3260
x
cies over ~~-hichthe receiver has
+--fin
Mclsec
at least this sensitivity.
A quick
FIG. lS.20.—Representative
responw curve
check of reccivcr performance can
of single-sideband receiver.
be made
\vith a pulsed-signal
genemtor of variable frequency and absolute pulse-power calibration.
A
memllrc of signal output can be accomplished visually by connecting a
The first step is to locate the
synchroscope to the video monitor point.
frecllwncy corresponding to minimum i-f gain. Figure 18.20 shows a
If the
representative response curve for the single-sideband receiver.

u

1This conl-cntion applies only to receivers of the wide-coverage type;
:Lcc(lratc definitions
receivers.

of sensitivity

are generally

ernploycd

for ordinary

more

broad-band

SEC.

1812]

GENERAL

483

INFORMATION

carrier frequency of the signal generator pulse is varied from approximately 3200 to 3340 Me/see and the pulse power is adjusted to the order
of magnitude of the minimum signal (that is, about 10–Qwatt), the signal
appearing at the video monitor point will vary in magnitude, the minimum amplitude occurring at point X (Fig. 18.20).
A careful measurement of signal-generator power is then made, with the generator tuned to
frequency X, and its power adjusted to produce a tangential signal as
This measurement gives the sensitivity
observed on the synchroscope.
of the receiver as defined above.
With the signal generator adjusted to
produce a pulse of exactly the same power, its carrier frequency is varied
until at some frequency A (Fig. 18.20), the pulse on the synchroscope is
This frequency A is defined
again seen to be of tangential amplitude.
The procedure is repeated until
as one limit of the frequency coverage.
another point B at the other end of the band is located.
The difference
of frequencies A and B is then the total coverage.
Because of the means
of measuring bandwidth, it is assured that over this coverage the receiver
will have at least the sensitivity measured previously.
SWITCHED-LO RECEIVER
The basic requirements for this receiver were essentially the same as
for the single-sideband receiver described previously (that is, high
From

‘“”-

%
Reference
cavity

+

Crystal
detector
(1 N23A)

Wavemeter
ampilfier

@
@

!

Crystal
mixer
(1 N23A)

l-f amplifier
70 db gain
(8-48 Me/see)

Diode second
detector &
t,riode first
wdeo staga

Video
ampllfier
45 db gain
(0- 1.2 Me/see)

output

FIG, 18.21.—Block diagram of switched-LO receiver.

sensitivity and good fidelity), but the range of frequencies to be covered
necessitated the use of the more complicated switched-LO technique.
In
addition, it was desired to have minimum variation in gain over the
coverage band and to provide for good echo-suppression characteristics
(see Sec. 18.7 for echo-suppression theory).
Although, theoretically,
the solution pictured in Fig. 18.3 is simple (provided the time-sharing
aspect is not objectionable), a great practical problem arises in establish-
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ing a workable and reliable procedure for tuning the receiver, AFC
is difficult if not impossible, since the local oscillator must operate alternately at two accurately fixed frequencies and should give equal power at
these frequencies.
Forreliable operation, temperature changes, mechanicaf shock, and power-supply variations must not detune the receiver
appreciably over a specified period of time. In spite of all efforts at

Crystal

mount

Tube

shield

Tube

shield

cap

R

r
N23A

FIG, lS22a. -Receiver

r-f components

minimizing frequency drift, however, it is found that periodic adjustments mat least checks of the receiver tuningar
enecessary, and a simple
tuning method is therefore imperative.
A block diagram of the complete
receiver is given in Fig. 1821.
18.13. Local Oscillator and Mixer.—The r-f assembly is shown in
pictorial form in Fig. 1822u.
Since no TRtube is used, the r-f problem
is simple, the signal being transmitted through waveguide directly from

LOCAL OSCILLATOR

SEC. 18.13]
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The local oscillator is mounted on
the antenna to the crystal converter.
a shorted stub, which is coupled to the main guide as shown in Fig.
18.22b. A screw-driver adjustment is provided which varies the coupling
Coa;;;;;~;put

LO mount “T” section

Coupling adjustment screw

‘—Crystal

FIG.18.22
+250v

mount T-section and crystal holder.

b.—LO
Switching

+ 250 v reg.

circuit

.

R4

10k

lM

““l.

T ~R

i.f amplifwr

100k

‘2
AmpMierA
ga]n
i
AT

Toci

trans.
monitor
To mixer
crystal

CrystaI converter
V4 1N23A

.

.. .. .. ...
cavity
—

100

lM

.=+4\

lOOk

0.05
---

1

I

R~

1
0.002

--—

---

$----

I ,,

+---II

&~

I
I
A

220k

L-.

h

lk

Wavemeter

[

I

---—-———

amphfier

~
4.7h

FIG, 18.23.—Tuning circuit.

— ----

—-—— J
’105

20k
4WWW

120k

v
0.1 Ma meter
100 ohms

resistance

Switched-LO receiver.

of the local oscillator by inserting a pin into the coupling window.
For
tuning purposes a frequency-monitor
cavity is coupled into the main
guide by a waveguide T in such a manner that at resonance about 10 per
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cent of the LO power is transmitted to the wavemeter tryst al. The mixer
crystal is a 1N23A crystal mounted in the waveguide at such a distance
from the shorting endplate that for most crystals a good impedance
match is obtained.
The placing of the monitor cavity and LO mount
along the guide is therefore not critical.
The LO power upon entering
the main waveguide splits approximately equally between the mixer
and antenna> This method has the advantage of allowing placement of
the reference-cavity coupling anywhere along the main waveguide but
has the disadvantage of considerable LO radiation from the antenna
with subsequent problems of interference with other systems.
As shown in Fig. 183, the local oscillator must be operating alternately
at two frequencies, 9360 and 939o Mc,’see, each accurately determined.
The reference cavity is constructed so that its resonance frequency can
be varied between these two limits, the limits having an accuracy of
about +0.5 Me/see.
An approximate reference point at 9375 Me/see
is also provided, the purpose of
which is explained subsequently.
There is a 1N23A crystal in the
output of the cavity whose output
goes by way of a coaxial cable to
the tuning circuits (Fig. 18.23).
18.14. Tuning Circuits.—The
requirement of having the local
oscillator operate at two alternate
frequencies is best fulfilled by
switching the frequency electronFIG. lS24, --operation
of switching circuit
ically.
The difference in the two
controls.
operating frequencies (30 Me/see)
,,
is such that this switching may be done simply by applying the proper
square-wave voltage to the reflector of the 723A/B 1 or its equivalent,
the 2K25.
Tubes Vla.b and Vza (Fig. 1823) comprise the switching circuit.
The
output of the circuit is obtained at the junction of RI and Cl and is connected directly to the reflector of Vi (the 723A/B local oscillator).
The
waveform at this point, as well as the basic function of the s~vitching
circuit, is shown in Fig. 18.24. Although it would be desirable to be
able to control the absolute levels El and E’ completely independently
(and thus adjust the two LO frequencies independently), this is not easily
accomplished.
Instead, a compromise has been adopted.
The level ,UI
1The specificationson the 723A/13req~lirea width of at least 30 Me/see between
half-powerpoints in mode 3; it is thus assuredthat when the tube is adjusted to give
equal power at the two frequencies,this power will be at least half the maximum
power obtainable.
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is controlled by the setting of potentiometer Rj, and the quantity AE, the
difference in voltage of the levels El and E’, is controlled by potentiometer
R,. The setting of Rs will not influence level .!31,and potentiometer oRZ
may be varied somewhat without affecting AE. Sections VI. and vlb
make up a free-running multivibrator, which generates a square wave of
about 150-cps repetition rate. When switch S’, is in position 2, this signal
is coupled to the grid of VZOat such an amplitude that the positive halfcycle tends to drive the grid positive, while the negative half-cycle
renders the tube nonconducting.
Since R4 is so large, the current through
V,. during the positive half-cycle is determined chiefly by thk resistance
and the applied plate voltage and will not be affected much by small
off,
the
changes in Rz. During the negative half-cycle, with VZC cut
potential applied to the reflector of V, is determined entirely by the
voltage divider Rsj Rz, and RG and corresponds to the level E.
During
the positive half-cycle, there is added to El the drop across that part of
R, which is in the circuit, which corresponds to AE. Accordingly, there
is the condition that El is entirely independent of AE and AE is nearly
independent of El.
The portion of the circuit of Fig. 18.23 that is labeled “ wavemeter
amplifier” consists of a two-stage amplifier Vs. and Vsb and a detector
Vz,. The meter lf serves three functions, depending upon the setting of
switch S2. With S, in position C, the meter indicates the mixer crystal
current and in positions T and R acts as a tuning indicator for the transFor greatest sensitivity the detector
mitter and receiver respectively.
Vzhis adjusted by means of the bias control R, so that its cathode current
with no signal input to the amplifier varies from about 20 to 40 ~a. .4n
a-c signal of 10 to 20 mv at the detector crystal will result in half- to fullscale reading on the meter. In the event that the meter is driven off
scale, the amplifier gain can be reduced by the use of potentiometer R8.
This means of indication depends upon the presence of an a-c signal at
the crystal detector, and the r-f signal must therefore be modulated in
This requirement plays an important part in determining
some way.
the best tuning procedure.
The controls that are used in the tuning procedure are the following:
This is a shaft control which varies the
1. Wavemeter control.
reference-cavity frequency between the limits of 9360 and 9390
Me/see with an approximate set point at 9375 Me/see.
2. Meter switch.
Switch SZ (Fig. 18.23).
Potentiometer Rs (Fig. 18.23).
This poten3. Switching control.
tiometer is ganged with switch S,, so that in the OFF (completely
counterclockwise) position, S1 is in Position 1, and is in Position 2
for any other setting of Ra.
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D-c level control.
Potentiometer Rz (Fig. 18.23).
Amplifier gain. Potentiometer Rs (Fig. 1823).
Bias control.
Potentiometer R, (Fig. 18.23).
This is a shaft control which deforms the LO
Mechanical tuning.
resonator cavity and in this way changes the LO frequency
mechanically.

18.15. Complete Tuning Procedure .—The steps that will enable an
inexperienced operator to tune the receiver correctly and accurately are
as follows:
1. Turn the meter switch to position R and the switching control to
the OFF position.
Set the amplifier gain for minimum gain.
Make sure that the meter M indicates a current of 20 to 40 pa; if
this is not so, adjust the setting by means of the bias control.
2. Set the meter switch to position C (reading mixer crystal current);
adjust the d-c level control for maximum reading.
3. Turn the switching control slowly clockwise; the mixer crystal
current will decrease to about half of its former value and stay
there over a moderate range. Set the control for the middle of
this range.
4. Set the wavemeter control in the middle of its range (that is, a
frequency of about 9375 Me/see).
Set the meter switch to R.
Set the amplifier gain at maximum.
Turn the mechanical-tuning
control very slowly, watching for an indication on meter M.
Do
not turn it more than one-half turn in either direction from the
starting position.
When a deflection occurs, adjust the mechanical-tuning control to give maximum meter reading.
If the meter
goes off scale, turn down the amplifier gain. If no meter deflection
occurs within one-half turn of the mechanical-tuning control, as
may happen when a new 723A/B tube has been installed, turn the
mechanical-tuning
control counterclockwise as far as it will go.
Then turn it clockwise, one turn. Set meter switch on C; adjust
d-c level for maximum crystal current; and return meter switch to
R. Turn the mechanical-tuning control slowly clockwise.
If no
meter deflection occurs within one-half turn, set the meter switch
to C, readjust the d-c level for maximum crystal current, return
the meter switch to R, and continue turning the mechanical-tuning
control clockwise up to another half turn. Repeat this procedure
until a deflection has been found and is maximized for both d-c level
and mechanical-tuning adjustments simultaneously.
5. Turn the wavemeter control to 9390 Me/see.
Turn the d-c level
slowly clockwise until a meter deflection occurs. Adjust for
maximum meter reading.
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6. Turn thewavemeter

control to9360Mc/sec.
Turn the switching
control slowly counterclockwise.
When a deflection occurs, maximize the reading.
7. Check the frequencies once more; turn the waverneter control to
9390 Me/see, and adjust the d-c level for maximum meter reading;
then turn the wavemeter control to 9360 Me/see, and adjust
switching for maximum.
The two readings should be approximately equal, indicating equal power from the local oscillator at
both frequencies.

The sequence of events accomplished by these steps may best be
explained by use of Fig. 18.25, which shows approximate characteristics
of a 723A/B or 2K25 for two settings of the mechanical-tuning
control.
Frequency
and power
output are plotted against reflector voltage.
The dashed curves
represent a possible initial condition with the mechanical tuning
set to too low a frequency, and the
solid curves represent the final
desired state, with the ~oltage
level El corresponding to oscillation at 9390 Me/see, AE shifting
the operating
point to 9360
Me/see, and the mechanical tuning being
correct
to produce
approximately equal power output at the two frequencies.
Step 1 is concerned only with
setting the operating point of the
detector in the waverneter ampliStep, 2
fier to the correct value.
f ‘\
brings the power output of the
oscillator to a maximum at some
arbitrary
frequency—in
other
words, sets conditions to correE
Reflector Voltage
spond to points A and B of Fig.
IJIG. 1825,-Typical
characteristic curves
18.25. Step 3 now introduces a
for 723A/13 tube.
value of s~>itching voltage AE’
sufficient to take the operating point from A to some point F in the range
Since half the time is
between D and E where the tube does not oscillate.
now spent at A and half at F, the power output, or mixer crystal cllrrent,

/’
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will be about half what it ~vasbefore,
Furthermore, the r-f output of the
oscillator will be modulated so that the waverneter amplifier may be used.
The oscillator ~vill remain in this oscillating condition only half’ the time
until Step 5, so that its outpllt is at one frequency instead of two. Step 4
no~v brings the operating conditions to the points G and 11, corresponding
to maximum polver output at the int ermcdiate point of 9375 Me/see.
Step
5 then sets L’1 to the point h’, operation at 9390 MC/see; and step 6 sets
AE to bring the conditions to point J1, operation at 9360 Me/see.
Step
7 ‘merely rechecks to see that none of the previous adjustments have been
disturbed.
After the completion of the tuning procedure, an adjustment of the
mixer crystal current may be necessary in order to assure maximum con~-ersion eficiency.
The desired current has been found to lie between 0.3
arrd 0.7 ma. This condition can be obtained by adjusting the amount of
L() power coupled to the mixer, which is determined by the setting of the
coupling screw (Fig, 18,22b).
18.16. I-f Amplifier. -.4lthough
the necessary bandwidth (a theoretical minimum of 30 hIc/scc is needed to cover 120 NIc/see) presents a
simpler problem than in the case of the single-sideband receiver described
ahove, an added difficulty is introduced by the requirement of small
variation in gain o~-er the hand. As shown in Sec. 18.2, the total number
of stages rather than the total gain usually determines the expected
uncertainty in the i-f pass band.
The use of a minimum number of i-f
amplifier stages is thus indicated.
It is still desirable, however-, to have
high gain in the i-f amplifier in order to have good second-detector efficiency and to reduce the problems connected ~vith the video-amplifier
design resulting from microphonics and recovery time.
The amplifier shown in Fig. 18.26a is a result of these considerations.
It consists of nine 6AC7 pentode stages giving a gain of about 75 db,
handpass limits of 8 and 48 Ilfcfsec, and a maximum variation in gain
over the band of 3 db, The particular band limits result in considerable
overlapping between the operating pass bands (see Fig. 18.3) which allows
a safety factor to compensate for any inaccuracies in oscillator tuning.
The first five stages of the amplifier use the coupling circuit (shunt~eries peaking) sho~rn in Fig. 18.9 and a cathode-degenerative circuit for
lmv-frequency rejection.
The circuits of the last four stages include
specific provisions for echo suppression.
The cathode circuit of V~, for
instance, provides for effective bypassing of low frequencies, which is
necessary to minimize the tube input resistance (as explained previously).
C’,, C,, and L, form an effective high-pass filter to reject the low-frequency
signals produced at V6 in the presence of large signals. The circuit of
the eighth stage ( V~) is arranged in a similar manner,
The ninth stage
(V,) necessarily has the greatest echo-suppression effect, since input
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signals of only a few decibels above noise amplitude have been amplified
by the eight previous stages to an amplitude sufficient to draw considerable grid current.
Consequently, V, is operated at zero grid bias and
at a very low screen voltage (about 35 volts) to reduce its grid input
resistance to a minimum.
A rough calculation similar to that given for the single-sideband i-f
amplifier is used to determine the expected minimum gain of each stage.

—
FIG,18.26b.—Photograph

,

of one stage,

with
146 volts on the screen (about 5 volts
V, through V, are operated
drop through the decoupling resistors) and 180 ohms in ‘the cathodes.
In this condition, the mutual conductance (design center) of 6AC7’S is
estimated to be 8300 pmhos.
Considering the tolerance on g~ (about
~ 20 per cent) and the degenerative effect of the cathode resistors, a
low-limit g~ of about 7700 pmhos is to be expected.
This value gives a
minimum gain of 9.4 db per stage, or 75 db for the first eight stages. The
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gain of the last stage is very small (about 1 db) because of the peculiar
operating conditions required for echo suppression resulting in a g~ of
about 4000 ymhos.
Considerable care must, be taken in the mechanical construction of
the amplifier.
The placing of parts in one stage is shown in Fig. 18.26b.
In addition to assuring minimum stray capacitance and inductance, this
method of construction aiso assures very small variation in characteristics from one stage to the next, thus contributing to the flatness of i-f
amplifier response.
In order to reduce the number of coupling-circuit
components, the series inductance and resistance arm (for instance,
R,, L,) are constructed as one unit, with the inductance produced by a
single-layer coil wound on the resistor itself.
No gain-control provision has been included in the i-f amplifier, since
for best operation of the echo-suppression circuit it is desirable to have
as large a signal as possible at the grid of the last i-f stage. Gain control
,is therefore accomplished after the last i-f stage. The arrangement used
here involves controlling the gain of the video amplifier,
18.17. Second Detector and Video Amplifier.-The
second detector
consists of one-half of the double triode VIO (Fig. 18.26a) connected as a
diode. The other half of the triode is operated as a conventional amplifier,
the output of the diode being directly connected to the grid. Although
the gain of the triode-video stage is low (about 14 db), it was included to
allow the use of the same video amplifier as was used for the single-sideband receiver. The output of the triode is connected directly to the
amplifier of Fig. 18.18. The bandwidth of the triode stage is sufficient
(over 2 Me/see) to result in essentially the same video bandwidth
achieved in the single-sideband receiver.
The only modification of the circuit of Fig. 18.18 is the inclusion of
the gain control in the form of a potentiometer in the cathode of V,.
This potentiometer provides about 15 db of control.
18.18. General Information.-Since
from the second detector onward
the switched receiver is almost identical with the single-sideband receiver,
the same remarks as to sensitivity and bandwidth measurements apply.
Some mention should be made of additional problems introduced by the
switching scheme itself.
The requirement that the local oscillator be operated so that equal
power is produced at the two frequencies resulting from switching might
be reached intuitively, but it may also be justified by a simple analysis.
It is known from a study of crystal-converter characteristics that the
sensitivity (that is, signal-to-noise ratio) will be almost constant over a
fairly wide range of LO power. On the other hand, the rms noise produced by the mixer is very dependent upon LO po]ver, It can thus be
expected that if the power output of the switched oscillator were unequal
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its s~vitched frequencies the noise pattern at the input to the second
de~ector would appear as in Fig.
18.27a. The noise produced at the
output of the video amplifier would
~ 5000~ sec
then have the waveform shown in
Fig. 18.27b. The envelope of the pat(a)
tern of Fig. 18.27a has been partly
differentiated by the coupling time
constants of the video amplifier to
produce “spikes”
at a rate of twice
the switching repetition rate. The
result is that either the gain of the i-f
(b)
amplifier must be reduced so that
FIG, 18.27.—Appearance of receiver
the spikes are no longer large enough
noise with unequally power at switched
to influence the circuits following
frequencies.
Switching repetition rate
= 200 cps, (a) I-f noise; (b) noise at
the receiver or the spikes must be
video monitor point.
allowed to have the same effect as
normal signals. This situation is obviously undesirable.

at

l-+

Y-

FREQUENCY-MODULATED
LO RECEIVER
The application for which this receiver was designed had somewhat
different requirements from those treated in the previous receivers.
In
this case, high sensitivity was needed, but specific limitations were placed
output

t
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FIG.lS,2S.—Block

Second
detector
diagram of f-m LO receiver.

on the power-supply drain and on physical size. Fidelity was unimportant as long as a signal of sufficient amplitude was available to trigger
succeeding circuits.
The f-m 1.0 scheme is well suited for an application
of this kind.
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The receiver to be described has the characteristics pictured in Fig.
18.4 andisshown
in block-diagram form in Fig. 18”28.
18.19. Local Oscillator and Mixer.-The
mechanical assembly of the
r-f components is shown in Fig. 18.29. Note the compact construction
that can be achieved.
The 723A/B LO tube is mounted on a piece of
waveguide (a, Fig. 18-29) which is short-circuited at one end and is connected at the other end to a transmission-type reference cavity (e) of
relatively low Q (about 2000 at 9375 Me/see).
In the output of the cavity is a 1N23B crystal (f), whose rectified current is indicated directly
on a 500-pa meter (not shown).
A portion (about 20 per cent) of the
LO power enters the coupling waveguide (1) and splits about equally

optimum condition of equal power at the fundamental and side freThe operation of the tube under these conditions is therefore
quencies.
These charclosely tied up with its electronic-tuning characteristics.
acteristics have already been considered in some detail during the discussion of the switched-LO problem, and it may be remembered that the
specification on the 723A/B requires at least 30 Me/see between halfpower points of electronic-tuning range under specified operating condi-
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tions.
On the other hand it is stated in Sec. 18.1 that a deviation of
f57Mc/sec
(at amodulationrateof40Mc/see)
is theoretically required
toproduce equal fundamental andside-frequency
power.
This meansa
total frequency excursion of 114 Me/see, which is obviously impossible
in the case of a tube with the minimum 30-Mc/sec tuning range.
The tuning characteristics of the 723A/B are much better for this
application when it is operated under somewhat unusual conditions.
The tuning range (between half@
power points) is at least doubled
@
in going to the mode that exists in
the region of -60 volts reflector
voltage, and another slight inj in Me/see +
crease is obtained in raising the
accelerator voltage from the cus*
tomary 300 to 330 volts.
This
(a)
method of operation is used in
the receiver herein described and
@
makes the f-m scheme realizable.
o~
The next requirement is a
—
T–
–––1
method of operationally adjusting
1,1
the amount of frequency modula(m
1’L—
tion. Two of the easiest quanti9435
9315
93509375 9400
finh4c/sec-,
ties to measure during adjustment
(b)
of the receiver are (1) the magnitude of the reference-cavity crystal current, which is a measure of
the power transmitted by the
reference cavity, and (2) the rectified mixer-crystal current, which
is a measure of the LO power
9375
9335
9415
reaching the mixer crystal.
Confin Mclsec *
sider what information
can be
(c)
obtained from these indications.
l,IG, 18.30.—Cbaracteristic
curves of
Suppose that a 723A/B oscillator
723A/B tubes for usc as f-m local oscillator.
Tubes Iabelccf 1 and 2 rcprmcnt the extube (Tube 1), which has the
(a) lJretremes of allowable vw iution.
minimum e x p e c t e d electronicq“cncy .?s.mflwtc)r voltage; (b) power out put
reflector voltugc; (c) distribution of sidevs.
tuning range (about 50 Me/see
band power.
being a conservative
estimate
If Tube 1 is
under the particular operating conditions) is chosen.
tuned (without any modulation) so that the maximum power point
of its mode corresponds to a frequency of 9375 Me/see, its characteristic
curves may be represrntcd by (’urves 1, I’ig. 18.30a and b. A reading of
will then lm a measure
of the oscillator
power at
mixer-crystal mlrrent

d:ti5L

I
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the peak of the mode.
Suppose now that an a-c voltage is superimposed
on the existing reflector d-c voltage, creating frequency modulation.
The operating point of the oscillator will travel symmetrically along the
mode of Fig. 1830a.
If the limits of the frequency excursion (that is,
travel of the operating point) coincide with the half-power points (the
frequencies 935o and 9400 Me/see), the reading of mixer-crystal current
will now be lower by some factor n, since the average LO power reaching
the crystal is decreased.
Tube 2 should be chosen for the maximum expected electronic-tuning
range (about 120 Me/see), so that its characteristic curves are represented by Curves 2, Fig. 18,30a and b. If now the amount of modulation
is adjusted for this tube so that the mixer-crystal current is observed to
change by the same factor n, it may be assumed that the limits of its
frequency excursion correspond approximately to the half-po\ver points
of its mode (provided that the power output curve is symmetrical and is
similar in shape for the two tubes l).
This kind of adjustment may then result in producing an excursion
of 50 Me/see for Tube 1 and 120 Me/see for Tube 2. It is now known,
however, that a similar adjustment made on any other tube will result in
some excursion between these two limits, since Tubes 1 and 2 were chosen
for extreme characteristics.
Since it can be shown that both Tubes 1
and 2 will operate satisfactorily when the factor n is chosen to be about
0.7, a usable and simple method of adjusting the amount of frequency
modulation is available.
The tuning procedure is somewhat analogous to that described for
the switched-LO receiver, although simpler, since only the center frequency needs to be fixed. Furthermore, the method of power indication
(crystal-current meter) responds to a c-w signal, so that some adjustThe first step is to place the
ments may be made without modulation.
operating point at the peak of the mode (corresponding to point A in
Fig. 1825).
The frequency modulation is remo~ed; the meter is connected to read mixer current; and the reflector voltage is varied to maximize the crystal current.
The second step sets the mechanical tuning at
the proper point.
The meter is connected to the reference crystal, and
the mechanical tuning is varied until some current is indicated.
If it
is necessary to turn this control more than about half a turn, voltages
should be reset to the peak of the mode by repeating Step 1. When an
1This assumption is not exact, since the symmetry
depends to a considerable
extent upon the construction of the oscillator mount as well as on details of the tube
structure, which may change from tube to tuhc.
z If either the oscillator tuhc or the r-f assembly hzs an accidental sharp resonance
Such resonances
in the vicinity, this adjustment procedure may not work out easily.
should not be present.
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indication is obtained, it should be maximized for both of these adjustments; that is, mixer-crystal current should be maximized by means of
the reflector voltage, and reference-cavity-crystal
current by means of
mechanical tuning.
The final step is to increase the value of the modulating voltage to the point where the mixer-crystal current drops to 0.7
times its value in the absence of modulation.
A tuning check may be made, after frequency modulation has been
applied, by connecting the meter to read reference-crystal current; if
the mechanical tuning is now varied, three maxima will be produced,
corresponding to the fundamental and first side frequencies.
The middle
reading is maximized, thus setting the fundamental to exactly 9375
Me/see.
18.20. Tuning Circuit.—The tuning circuit must have three functions.
It must (1) provide an adjustable d-c voltage of the right magnitude, (2)
provide for superposition of a 40-Mc/sec sinusoidal voltage on the d-c
voltage, and (3) include a means of accounting for the gaps in the receivercoverage band (see See, 18. 1).
The portion of Fig. 1831 labeled “tuning circuit” fulfills these requireFrom available data on the operation of the 723A/B, it is known
ments.
that a range of – 40 to – 70 volts is needed in order that all tubes may be
accepted.
This voltage is supplied from a bleeder R,, Rz, and R~, with
potentiometer Rt providing the necessary range of variation.
This voltage is connected to the reflector of the local oscillator through the isolating networks R,, LI, and Cl. The 40-Mc/sec modulating voltage is
obtained from an electron-coupled 6AK5 oscillator.
Its amplitude is
controlled by the potentiometer RE, which varies the plate voltage of the
pentode.
This arrangement (with the particular coils used) results in a
possible variation of O to 10 volts in amplitude.
The 40-Mc/sec signal
is connected directly to the reflector and is isolated from the d-c voltage
source by the 50-ph choke L,.
In order to fill in the gaps in the coverage
band, which are inherent in this type of receiver, a small power-frequency
voltage is applied to the reflector (in addition to the other voltages).
This \oltage is obtained from a capacitance divider (C, and C,) across the
heater supply.
The result is to shift the whole coverage band at the
power-frequency rate by an amount of 1.5 to 3 Me/see, so that signals
received at frequencies in the vicinity of the gaps will be amplified at
least a portion of the time at full sensitivity.
Switch S’, is provided to eliminate the power-frequency signal during
the tuning procedure and is ganged to R 5. With R. in the counterclockwise position, therefore, both the 40- Mc/sec and the power-frequent y
modulation are eliminated.
18.21. I-f Amplifier.-The
determination of the optimum i-f amplifier
band limits poses a different problem from that met in the two receivers
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described
previously.
In this case the upper limit is set by the total band
coverage and by the f-m rate. In other \vords, for a coverage of 120
Me/see and a modulation rate of 40 31c/see, the i-f amplifier upper limit
must be at least 20 31c~sec. The choice of the lower limit must be determined by the characteristics of the i-f amplifier and the video amplifier.
Evidently, since the gap in response (see Fig. 184) is eqllal to twice the
lo]ver-frequency limit, it is desirable to set this limit as 10JVas possible in
order to minimize the problem of providing response in the gaps. Since,
however, the amplifier cutoff cannot be absolutely sharp, there is danger
that the i-f pass band ~vill overlap into the \-ideo-amplifier pass band.
The ~ideo amplifier \vill be shoii-n to require a bandwidth of about 300
kc/see, so that it is not found practical to make the lower limit’ of the i-f
amplifier less than 1.0 Nlci’sec.
The i-f amplifier bandpass limits have actually been set at 1.0 and
21.0 Mcjscc, the extra 1.0 LIc/sec in the upper limit acting as a safety
factor to account for slight errors in LO tuning.
I)eca~wc of the comparatively small i-f bandwidth required, the problem of minimizing the variation in gain over the band is much less severe
The limitation on i-f gain arises from
than in the s]ritched-I.O receiver,
stability considerations.
The i-f amplifier sho~vn in Fig. 1931 provides a
gain of about 90 db, and variation in gain over the band may be kept to
less than 5 db with no other precautions taken than to use components
of 10 per cent tolerance.
The stages are all similar, using the shuntseries-peaking type of coupling circuit with grid filters for low-frequency
rejection.
The operating conditions of the 6AK5 i-f amplifier tubes ~t-arrantsome
dismlssion.
It is important in this case not only to obtain the correct
gain and bandwidth but also to accomplish this with the minimum of
po\ver drain. If the power drain of the plates and screens ~~erethe only
thing that needed minimizing and the number of stages could be as large
as desired, a figure of merit defined as the ratio of the logarithm of the
transconductanre to the cathode current would be a true measure of
such operation.
It is found for 6AK5’s, as well as for many other pentodes, that this ratio increases as the cathode current and screen voltage
are reduced, the maximum occurring for a cathode current much smaller
Since, however, the g~ also
than that obtained under normal conditions.
decreases, a compromise must be made betlveen the saving in power and
the increase in the number of stages that would be required for a given
over-all gain, ‘The operating conditions here adopted are as follows:
screen ~oltage, +60 volts; grid voltage, O volts; gm (design center),

1It m[mt he rcmemhprecl that this limit is defined by convention as the frequency
at which the i-f amplifier gain (and receiver sensitivity) is equal to that measured at
the point of lowest gain within the pass band.
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5000 pmhos; total cathode current (plate plus screen), about 8 ma. Such
operation is considerably removed from the conditions specified for test
of the tubes, and greater variability of gain from tube to tube must be
expected.
This variability has not been found to be serious with six i-f
amplifier stages. The saving in power is obvious, since under normal
conditions the 6AK5 is rated at 5000- fimho mutual conductance with a
screen and plate voltage of 120 volts and a cathode current of 10 ma.
Gain control’ of the i-f amplifier is accomplished by varying the screen
voltage of the second stage ( V2) to provide a range of control of about
25 db. The input circuit is of the series-peaking type and results in a
bandwidth of about 25 Me/see if the mixer is considered to have a resistance of 300 ohms and a capacitance of 15 pxf.
18.22. Second Detector, Video Amplitier, Output Stage.-The
video
circuits, including the diode second detector (see Fig. 18.31), have a bandwidth of about 300 kc/see.
This value was selected in view of the lax
requirement on fidelity and, after careful consideration of the optimum
bandwidth, for good signal-to-noise
~
ratio. The actual waveform of a 2______~
~sec pulse signal at the output of the
FIG. lS.32.—Waveform
at second
detector showing effect of C, on strong
video stage is very poor by conventional

standards.

However,

except

pulses.

for the problem of delay, this waveform has no deleterious effect on the
operation of the circuits following the receiver, since the output stage is
such as to produce a signal independent of the waveform of the video
signal.
The second detector uses the first half of a 7F8 double triode Vg~
connected as a diode, and its output is directly coupled to the grid of
Vsb, which is a triode video amplifier.
The bandwidth at the second
detector is purposely limited by the effect of the condenser Cs, this being
necessary for reasons of stability and to prevent overlapping of the video
and i-f amplifier pass band.
Another important function of C~ is to
resolve waveforms, such as are shown in Fig. 18”5a and b, into usable
pulses. This effect is shown in Fig. 18.32. The only disadvantage of
this is that the pulse will be elongated, depending upon the signal strength,
to as much as 20 psec, resulting in a problem in recovery of tbe receiver.
The output of the video amplifier is used to trigger a biased multiThe
vibrator V%.b which produces a gate of about 30-ysec duration.
waveforms obtained here are shown in Fig. 18.33. A convenient way of
regarding this portion of the circuit is to consider Vga as an additional
video stage that produces a positive pulse at the grid of VW The
cathode of vgb is connected to a bleeder across the +60-volt
I The considerations
do not operate

here.

that normally

make this method

i-f supply

of gain control inadvisable
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and ground in such a ~vay as to provide a bias between the grid and
cathode of about 20 volts, which is sufficient to make the tube normally
nonconductive.
A positive pulse of about 15 volts amplitude on the
grid will initiate conduction, and ~~a.b will then act as a conventional
biased multivibrator.
The actual signal at the grid of V9C can be
observed on a synchroscope at the receiver monitor point.
This waveform isshown in Fig. 18.33a, under the condition of an incoming signal

t—
(b)

(c)
FIG. 18.33.—Output waveforms.
(a) Pulse initiating gate intermittently, waveform
at monitor point; (b) gate resulting from strong pulse, wave format monitor point; (c) waveform at receiver output for reception of strong signal.

just large enough to cause the multivibrator to operate intermittently.
Figure 18.33b shows the gate resulting from the reception of any signal
larger than that of Fig. 18.33a, and the corresponding waveform at the
plate of ~~b is given in Fig. 18.33c. This last signal is used to trigger
succeeding circuits, since it has a good rise time and is produced at
comparatively low impedance (the plate resistance of the triode).
18.23. General Information.-Two
points that have been mentioned
in connection with the video amplifier are of considerable importance
andshould reconsidered insornedetail.
These are (1) thedelayprob-
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Iem and (2) the recovery time. Thequestion of absolute delay (that is,
the time elapsed between the start of the r-f pulse and the start of the
output gate) may or may not be significant, depending upon the ultimate
application of the receiver.
In this as in the other receivers, the signal
waveform is not influenced significantly by the shape of the i-f pass band
but is controlled by the video-amplifier characteristics.
Because of the
small video bandwidth, the signal will have the crude triangular shape
shown in Fig. 1833a, so that it is evident that the gate will be initiated
a maximum of 2 ~sec (the pulse width) later than the start of the r-f pulse.
For very strong signals, ho}vever, this delay may be as low as 0.1 or 0.2
~sec. An inherent variation in delay of about 2 psec is therefore present.
Ho~vever, this variation is not linearly related to the signal strength,
the greater part of the change taking place over a range of 10 db of
signal strength (from minimum signal to 10 db above minimum.)
If,
therefore, the receiver is to be operated primarily on signals 10 db or
more above the minimum acceptable signal, the delay problem becomes
very much less important.
The length of the multivibrator gate plus the length of time for the
multivibrator itself to recover determines the minimum time that the
receiver will be made inoperative after the reception of a signal.
This
differs from the condition existing in the first two receivers described,
in which the recovery of the video amplifier was the limiting factor.
Although the multivibrator
or output scheme would therefore seem
undesirable, this is not strictly true. The recovery of the receiver has
already been shown to be limited by the elongated waveform produced
at the second detector (Fig. 18.32).
The effect of the multivibrator is
to blank out completely anything that occurs after the initiation of the
gate, thus eliminating any possibility of mistaking the tail of the elongated
pulse for another signal with corresponding erroneous results. However, a considerable time for recovery must be allowed.
In the application of this particular receiver, the recovery time of about 35 ~sec ~vas
not considered obj actionable.

CHAPTER
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BY H. J. LIPKIN
INTRODUCTION
19.1. Uses of a Crystal-video Receiver.
General Descrz’ption.—A
crystal-video receivers one on which the incoming r-f signal is detected
immediately at the input from the antenna and the resulting video signal
Because the crystal is superis amplified by a high-gain video amplifier.
ior to any other form of detector, it is almost always used for this purpose,
thus giving this type of receiver its name.
The outstanding advantage of the receiver is the absence of r-f and
i-f circuits, resulting in simplicity, small size, low cost, and broad r-f
bandwidth.
There are no r-f amplifiers requiring tuning, no local oscillator to be tuned and kept stable, and no i-f amplifier.
At video frequencies, the desired gain can be obtained more economically in regard to
power consumption and size of components than at radio frequencies or
intermediate frequencies.
The absence of the narrow-band i-f circuits
necessary to obtain appreciable gain per stage at intermediate frequencies
makes the receiver inherently a broad-band device, limited only by the
selectivity of the input circuit.
The price paid for this simplicity and broad band is a large loss in
sensitivityy (about 40 to 50 db) compared with that obtainable with a
There are, however, applications \vhere
good superheterodyne receiver.
this low sensitivity is acceptable and where the small size or broad band
is required.
An additional disadvantage is the poor pulse shape obtained
at the output of the receiver, because of certain unavoidable properties
Although high-gain video amplifiers
of such high-gain video amplifiers.
have been developed that have moderately good pulse shape, the comparison of the signals obtained from these with the output of a good superheterodyne still leaves much to be desired. Furthermore, if good
selectivity is required, cumbersome r-f filters must be inserted in the
antenna line.
Thus the crystal-video receiver finds application as a complete receiver
where a low sensitivity is adequate, where the requirements upon pulse
shape are not too stringent (of particular interest are those cases where
the output of the receiver is used merely as a trigger for a succeeding
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unit and the shape of the output sigmd is of no consequence), and where
little selectivity is required.
It also finds application where these disadvantages are outweighed by its small size, low cost, simplicity, or
broad band.
A crystal-video receiver may follow an r-f amplifier or even an i-f
amplifier.
The former case is the TRF receiver, usable at vhf, where
satisfactory r-f amplifiers are available.
The second case is the superheterodyne receiver with low i-f gain and high video gain. The main
advantage of this type of receiver is the possible saving of size and power
as a result of using video gain rather than i-f gain. Such a receiver would
be economical in applications requiring a high ratio of i-f bandwidth to
video bandwidth, as a much higher gain per stage would then be obtainable at video than at intermediate frequency.
It should be noted] however, that the extra gain required to compensate for the inefficiency of
operating a second detector at low levels makes it impractical to use such
a receiver unless a considerable saving in gain is effected by amplifying
at a narrow video bandwidth rather than at a wide i-f bandwidth.
For
common receivers, where both the i-f and video bandwidths are determined by the pulse response, the factor of 2 saved in using video (6 db
per stage) is insufficient to justify the use of this type of receiver.
19.2. Performance of Crystal-video Receivers.—The
performance of
a crystal-video receiver can be specified by its sensitivity, r-f bandwidth
(or frequency coverage), and video response. These quantities are somewhat modified in their meaning because of the effects of the square-law
characteristic of the crystal detector.
Square-law Detector. —Because
of the absence of an LO signal, the
crystal detector operates at low levels where it is a square-law device;
that is, the current (or voltage) of the output video signal is proportional
to the r-f power fed into the crystal.
For this reason, conventional
methods for measuring and specifying sensitivity cannot be used ~vithout
precaution.
The chief differences between square-law and a linear
receiver are as follows:
1. Because of the nonlinearity of the detector, there is no quantity
analogous to conversion loss in a mixer that can be specified.
In
other words the loss is a function of the signal level.
2.’ If two signal levels are compared, the difference between them,
expressed in decibels, will be twice as great if measured at video
as if measured at radio frequency.
Thus the difference between
the tangential signal and a signal equal to noise is 8 db in the video
but only 4 db in the radio frequency.
Since it is the minimum
usable r-f signal that determines the sensitivity of a receiver, any
reference will be to the r-f level.
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3. Because of Item 2, any change in the video circuit that improves
the signal-to-noise ratio by a given number of decibels in the
video will improve the sensitivity of the receiver by only half as
many decibels.
This renders invalid the property of linear
receivers that a change in pulse length ~vill necessitate a change in
receiver band}vidth of the same ratio and will, therefore, change the
receiver sensitivity by the same ratio, so that the energy of the
In a crystal-video
minimum detectable pulse is a constant.
receiver, a change in band\vidth by a given factor will change the
noise Icvcl, but this \villappear as only half the change in sensitivity
If the pulse width is decreased
that \vould occur in a linear device.
by a factor of 4, therefore, the receiver video bandwidth will be
increased by a factor of 4, thus increasing the video noise level by
6 db. IIecause of the square-lalr action of the detector, the r-f
signal need be increased only 3 db to account for the 6-db change
in video noise level, Therefore, the energy of the minimum
detectable pulse has been decreased by a factor of 2, or by the
square root of the change in pulse width.
Thus, the energy per
pulse of the minimum detectable signal is not a constant but varies
inversely with the square root of the pulse width.
For these reasons the term noise figure, frequently used in linear
receivers, is meaningless ~vhen applied to crystal-video receivers, since
it is a f~mction of signal level and therefore of pulse width (see Sec. 1.1).
,Smsitz’~i&.-The
sensitivity of a crystal-video receiver is almost
entirely a function of the crystal, beca~we at ~-ideo frequencies the noise
produced in the amplifier is generally negligible in comparison with the
This can be assured by using crystals of
-Johnson noise of the crystal.
sufficiently high video impedance.
The sensitivity of crystal-video receivers is generally specified in
terms of the tangential signal. W’ith crystals available at the present
time, sensitivities of approximately 10–6 watt are obtainable at microwave frequencies (3000 to 10,000 hlc/see) and sensitivities of about 10–g
~ratt at vhf (less than 1000 Me/see).
The sensitivity remains constant at
rtmghly 10–g watt below 1000 Lfc/sec and falls off with frequency above
this point.
The apparent constancy betlreen 3000 and 10,000 iVIc/sec
is the result of extra effort put into the development of better video
crystals for the 10,000 -Mc/sec band.
R-j Bandwidth.-At
micro~vave frequenciesj where the r-f circuit isin
the form of a transmission line or a cavity, the minimum frequency
sensitivity is set by the inherent frequency sensitivity of the crystal.
This can be represented in the 3000-Mc/sec band as a simple single-tuned
circuit having a Q of 5 to 10 and a bandwidth, therefore, of 300 to 600
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Me/see.
At 10,000 NIc/sec the Q is considerably higher, being about
100, which corresponds to a bandwidth of 100 Me/see.
At lower frequencies, where lumped-constant circuits must be used, the bandwidth is
limited by the shunt capacity in the same manner as the i-f bandwidth in
normal i-f amplifier stages. The r-f bandwidths obtainable are, therefore, of the same order of magnitude as the i-f bandwidths of common
input circuits, and the usual types of circuits, single-tuned, doubletuned, etc., can be used.
For most applications, the use of the 3-db point to specify bandwidth
is quite arbitrary, since these applications require a broad r-f bandwidth
for covering a wide band of radio frequency but do not require the complete bandwidth for any one signal. Therefore, all that is important is
that the sensitivity of the receiver be adequate throughout the band, and
variations within the band are of no particular importance, except in so far
If the maximum sensitivity is
as excessive sensitivityy is detrimental.
10 db above that required for the application, the usable bandwidth
extends to the points that are 10 db down.
However, 3-db bandwidth
will always be specified, unless specifically noted otherwise, because of
conventional usage.
Video Properties.—The video amplifier used for crystal-video receivers
must of necessity produce considerably more pulse distortion than is
found in superheterodyne receivers because of the high gain and the
enormous dynamic range required.
Because the receivers are often
required to operate with a dynamic range of 60 db (from 10–S to 10–2
watt), the amplifier, because of the square-law characteristic of tlie
detector, must have a dynamic range of 120 db. This, together with the
high-gain requirement (100 to 120 db), requires that there be pulse distortion in the amplifier.
This distortion will show up in the form of one
or more overshoots, as shown in
Fig. 19.1. These can be reduced in
time duration to the same order of
magnitude as the pulse length and
FIG.19.1.—lVaveformof pulseobtainecl
from several successive coupling-circuit
by suitable designs can be cut down
stages
h.-.
to only a single overshoot with no
secondary overshoot in the same direction as the original signal. The
first overshoot, however, is always present and can never be completely
eliminated.
In addition, the square-law characteristic of the detector affects the
over-all response of the amplifier and the output video signal, making
it impossible to use a crystal-video receiver for applications requiring
linearity.
Furthermore, the square-law characteristics reduce by a factor
of 2 the range in decibels between the minimum detectable signal and the
signal that will be just limited.
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19.3. Video Crystals.-Inasmuch
asthe sensitivity of a video receiver
is determined almost entirely by the characteristics of the detector, this
detector must be one that will have the best possible signal-to-noise ratio.
At video frequencies, the crystal behaves like an ordinary resistance in
generating Johnson noise’ and therefore is better than any tube that has
excess noise. Furthermore, the rectification efficiency of the crystal is
superior to that of most tubes.
The crystals used for low-level detectors are similar to those used for
mixers as described in Sec. 2.3 and illustrated in Fig. 2.4a and b. The
band
coaxial unit, shown in Fig. 2.4b,is used in the 10,000-Mc/sec
because the cartridge of Fig. 24a is too sensitive to temperature changes.
For successful detector operation at 10,000 Me/see the contact area
between the crystal and catwhiskermust
be small. To obtain this the
mechanical force on the catwhisker must be small so that the contact is
abnormally vulnerable to mechanical displacements of any sort, such as
those produced by differential expansion between the metal and the
ceramic.
Such differential effects arereduced inthe coaxial construction.
The ceramic cartridge is satisfactory for use at 3000 Me/see and below.
Sen.sz’tiuity.-The sensitivity of mixer crystals is specified in terms of
Low-level detectors, because of
conversion loss and noise temperature.
their nonlinearity, cannot be specified in this manner.
Instead it has
been found convenient to define a quantity called the “ figure of merit”
which combines the rectification properties and the noise generation of
the crystal in such a way as to produce a number that is proportional to
the signal-to-noise ratio.
The rectification properties of a video crystal may be described in
terms of the current sensitivity of the crystal as a detector.
This quantity is the constant of proportionality between the r-f power into the
crystal P and the direct current i which would be delivered to a zeroresistance load.
It is expressed in microwatt per microampere and is
the constant b in the relation
~=– P
b

(1)

which describes the rectification process.
The crystal may be regarded as a current source shunted by its
internal video resistance R, or it may be regarded as a voltage source
I It may be shown by quite general

arguments

that any two-terminal

network

containing no sources of power will have appearing at its terminals Johnson noise
given by the temperature of the network and the resistive component of the im ~edance
measured between these terminals,
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having a voltage given by
e=iR=R~.

(2)

The rms noise voltage appearing on the grid of the first stage will be given
by
n=

~4kTB

(R + Ra),

(3)

where k is Boltzmann’s constant, T is the absolute temperature, B is the
noise bandwidth, and R. is the equivalent noise resistance of the input
tube.
The quotient of Eqs. (2) and (3) gives the signal-to-noise ratio:

(4)
10-ax 10
8
6
4

0.2

0.1
0.1

0.2

0.4 0.6 0.8 1

2

4

68102O4O

Receiver bandwith in Mc/$.ec
~lG. 19.2.—Noise power as a function of bandwidth and figure of merit.

It can be seen from Eq. (4) that the signal-to-noise ratio improves if R
is increased.
Hence, it is detrimental to the receiver sensitivity if the
crystal is loaded with any parallel resistante. Therefore, the resistance R
is taken as the crystal resistante. If a representative value is taken for
R. (1 100 ohms is ordinarily used), the quantity R/b(R + Ra)$$ is a
characteristic of the crystal and is called the figure of merit FM.
Substitutions in Eq. (4) gives
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(5)
Thusj the figure of merit is the product of a constant ~4kT13 and
the ratio (c@q
If P, is taken as the power required to produce a signal
P“
whose output power is equal to noise power, the relation becomes
P,F~NI = ~4kTB.

(5a)

Curves giving F’, as a function of B for various values of the figure of
merit are shown in Fig. 19.2. Other criteria for sensitivity correspond to
different values for the ratio e/n, and the required power may be computed accordingly.
For example, to find the power necessary to give a
tangential signal, the values given by Fig. 192 should be increased by
4 db.
Video Resistance .—The video resist ante R appears in the definition of
the figure of merit, in a way indicating that higher sensitivities can be
obtained with higher-impedance tryst als. This is, in actuality, not
entirely true, since the current sensitivity tends to be poorer for higher
impedance crystals and therefore counteracts the effect of the higher
impedance.
In general, however, there is
B+
a trend toward better crystals at higher
4
impedance.
The video impedance of the crystal has
an important effect upon the bandwidth of
the video input circuit and, therefore, upon
the entire amplifier.
Shunting the crystal
with a low resistance is detrimental to the
signal-t o-noise ratio and so is never done.
The bandwidth of the input circuit is therefore determined entirely by the product of
the video impedance of the crystal and the
193.-Inverse-feedback
FIG.
A high crystal impedtotal shunt capacity.
circuitforloadinginputcircuit.
ante will result in a narrow bandwidth and
a slow response to pulses. It is undesirable that the crystal have too high
a video resistance, although sometimes loading by inverse feedback, as
discussed in Chap. 4, will help. Figure 19.3 shows a typical circuit.
It is important that there is no direct current flowing through the
crystal, since this produces a large amount of excess low-frequency noise.
If direct coupling is used, the bias on the first stage must be sufficient to
prevent any grid-current flow through the crystal.
If this cannot be
done, capacitive coupling must be used, as is shown in Fig. 19.4. (The
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d-c return path for the crystal through the leakage resistance is satisfactory.)
In this connection, particular notice should be taken of the
feedback circuit of Fig. 193.
This istheonly
method of connecting the
feedback resistor that will not produce excess noise, aswouldbethe
case
if direct coupling were used, or produce an overshoot because of the effect
of feedback in lowering the input resistance of the feedback stage, as
would be the case if the resistor were connected
between the first two grids.
Another effect of the video resistance of the
crystal is to determine the absolute noise level, as
-—can be seen from 13q. (3). Thus, higher-impedance crystals require less gain in the video
amplifier.
Furthermore, variations of the video
impedance from crystal to crystal will cause
d
=
variations in the noise output of the receiver.
NTote that this noise output is not connected
“~~U~l~y~~P~C~~~ce”
with the figure of merit which merely specifies
the r-f poweT necessary to produce a given signal-to-noise ratio.
Thus,
it is possible for two crystals to have the same figure of merit and, therefore, the same sensitivityy but to di ffer widel y in noise output.
High Leoel Properties.—As the power input to the crystal increases,
the crystal impedance will eventually begin to decrease until it is down to
around 50 ohms. Eventually the crystal will burn
out, generally when the r-f power is of the order of
magnitude of 1 watt. If input power levels can rise
above this value, some sort of protection is usually
Cb
Rb
required.
The decrease in impedance with high signal level furnishes excellent self-protection for the
crystal in TRF receivers.
The current necessary to
R~
supply 1 watt into a 50-ohm load is about 140 ma.
This is clearly in excess of the maximum current that
P
FIG. 19.5.—Equivalent circuit for crystal contact.

any

common

ing.

Hence,

r-f amplifier
in a TRF

tube

receiver

is capable
crystal

of deliver-

burnout

is no

problem.

R-j Impedance.—The
r-f impedance of the crystal contact can be
represented by an equivalent circuit as shown in Fig. 19.5. The barrier
resistance h?bis the nonlinear element responsible for the d-c volt-ampere
characteristic of the crystal near zero bias. The barrier capacity cb
arises from the storage of charge in the rectifying barrier. The spreading
resistance R. results from the constriction of current flow lines in the semiconductor near the contact.
At higher frequencies the capacitance C~
acts as a shunt across the nonlinear resistance Rb and reduces the rectification efficiency.
Thus, the figure of merit for crystals is lower at micro-
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wave frequencies than at vhf, giving rise to the decreased sensitivity
discussed in Sec. 192.
Because of the resistance R.,j it is impossible to
To obtain
tune out the capacitance Cb with an external transformer.
maximum efficiency of rectification, however, the crystal must be driven
by a source whose impedance is the complex conjugate of the crystal
impedance, including the reactance introduced by the cartridge.
To
simplify the design problem for the crystal holder, the variation of r-f
impedance from crystal to crystal should be reduced to a minimum.
At frequencies below 1000 Me/see the effect of the capacitance is
negligible.
Therefore, the rectification efficiency is independent of
frequency in this range, andthecrystal
r-fimpedance isa pure resistance
having the same value asthe video impedance.
Low-temperature
Performance.—The nature of the rectification process
in crystals leads to the theoretical prediction, which is verified experimentally, that its properties will vary radically with temperature.
At
low temperatures the video impedance R becornesverylarge,
increasing
much more rapidly than 1/2’, and the rectification constant b increases.
This simultaneous variation tends to maintain a constant figure of merit,
but the increase in resistance produces a corresponding increase in the
output noise level, which can be serious in applications where the receiver
is used unattended to drive a trigger circuit responding to all signals above
a given threshold level. At low temperatures, the noise level may
rise above this threshold and cause considerable extraneous triggering.
This effect is an inherent property of the crystal.
If the receiver is
unattended, the only solution is to keep the temperature range within
In an attended
reason, if necessary by thermostating the crystal holder.
receiver, the gain of the amplifier can be adjusted from time to time to
keep the noise level constant.
Types oj Crystak.-The
common video crystals in use at present are
the 1NT27,11N32,1N30, and 1N31. Of these, the first two are designed for
use in the 3000-Mc/sec band, and the last two for use in the 10,000Mc/sec band.
Any of these crystals can be used successfully at lower
frequencies, since the r-f impedance match is not so critical as at microwave frequencies where the crystal impedance has an appreciable reactive
component.
Each of these four types was designed for a particular
application demanding certain specifications which, however, give an
idea of what can be done in the present state of the art.
The 1NT27crystal was designed for use in a receiver with stringent
bandwidth requirements and therefore has an upper limit of 4000 ohms
for the video impedance.
The minimum figure of merit is 00.
The 1N32 crystal is a development of the type 1NT27for higher figure
of merit. Because there was no bandwidth restriction in its application,
the allowable impedance range is 5000 to 20,000 ohms. The minimum
figure of merit is 100.
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The lN30isa
crystal in the ceramic cartridge for the 10,000-Mc/sec
band.
13ecause of the difficulties connected with the ceramic cartridge,
this type of crystal is no longer being manufactured.
The video resistance is between 7000 and 21,000 ohms, and the minimum figure of merit
is 55.
It
The IN31 is the successor to the lN’30 in the coaxial cartridge.
has a minimum figure of merit of 55 and a video resistance between 6000
and 23,000 ohms.
The r-f impedance of these crystals is held ~vithin reasonable limits
by measuring the figure of merit and resistance in a standard crystal
holder electrically similar to the one used in practice.
It is desirable that
the holder be fixed tuned, which is the case for most of these crystals at
present.
19.4. Crystal Holders.—The
crystal holder for a microwave crystalvideo receiver is mechanically very similar to the mixers described in
Sec. 2.4 and illustrated in Figs. 25 to 27.
‘There is no LO power to
be fed in; hence this extra complication is eliminated.
The difference in r-f impedance between mixer and detector crystals resulting
from the different working level requires some change in the r-f matching
transformers.
R-j Properties.—A microwave crystal holder should be so designed as
to match the input line to any crystal with a minimum of reflection loss
The degree to which
and a minimum number of tuning adjustments.
this is possible is set by the spread of crystal impedances that must be
matched.
The crystal holder must, by a suitable combination of transformers and matching stubs, obtain the optimum result from a given
distribution in crystal impedance.
The maximum bandwidth of the crystal holder is set by the crystal,
although if a considerable transformation ratio is required for matching,
the attainable bandwidth may be less than this. If the application
requires that the bandwidth of the holder be narrower than the crystal
bandwidth, some form of r-f filter maybe used ahead of the crystal holder.
In some special applications, ~~here a loss of sensiti~-ity is allowable, a
relatively high Q cavity can be used as a crystal holder to save space and
weight.
Usually, the inherent bandwidth of the crystal is accepted as
the r-f bandwidth of the receiver.
There are two types of tuning adjustments: one to allow for the spread
of impedances from crystal to crystal and one to vary the frequency band
over which the receiver is sensitive.
The former type of adjustment is
often undesirable, because the only method of adjustment is to maximize
the receiver response to a given signal. In portable applications, where
there may not be a signal source available, it is difficult to replace a crystal
in the field and maintain proper sensitivity unless the holder is fixed
tuned. Hence, development has tended toward fixed-tuned crystal
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holders which will cause a small loss in sensitivity with some crystals.
Tuning to change the frequency band is generally unobjectionable
as
long asthesetting
foragiven
band does not change when the crystal is
changed.
Sign of Output.—An important property of a crystal holder is the sign
of the video pulse obtained at the output, as this has great bearing on
the design of the amplifier.
The ceramic cartridge has been standardized
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cent of the 1N27 crystals, Irss th:~ll 2 (Ih on 70 per cent, and less than 3 dk)
on 95 per cent. The witpnt, t:kn from the large end of the cartridge,
is negative.
A variation of this type of holder to obtain positive output
takes the output off the stub, Lvith a s[litable capacity coupling to prevent the video from being short-circuited by the plumbing.
Figure 19.7 sho!vs a crystal holder for the 10,000-Mr /see band, using
the type lN30 crystal ~vith the ceramir cartridge.
Because the 1~30
cr,ystals vary widely in thci r r-f impmhlnccs, it is impossible to design a
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satisfactory fixed-t uned holder; therefore a tuning adjustment is required.
The video output from this type of holder is positive, since it is taken
It is difficult to design a satisfactory
from the small end of the crystal.
holder for this band that will have negative output.
If the crystal is
placed across the waveguide, good contact is assured only when the large
end of the crystal is clamped firmly. in place and grounded, as in Fig.
19.7.
The holder for the coaxial crystal is similar to the mixer shown in
Fig. 2.7. Here also a positive output is obtained.
It is difficult to obtain
negative output from the coaxial crystal, since this means taking the
video output from the outer conductor.
For the 3000-IWc/sec band either sign of output is therefore possible,
but for the 10,000-hlc/sec
band only positive output can be readily
obtained.
Crystal Holders jor Vhj.—At frequencies below 1000 Me/see the
reactive component of the crystal impedance becomes negligible, except
for the stray capacity across the crystal as a whole. The problem of
matching is, therefore, enormously simplified, since the r-f impedance of
the crystal is equal to its video resistance.
At frequencies where lumped-constant circuits are used, the crystal
holder is merely a mechanical device to hold the crystal, and the impedance matching can be achieved with a double-tuned circuit or a tapped
coil. The circuit around the crystal is similar to that of an ordinary
superheterodyne second detector, except that the impedance of the
crystal is higher at low levels.
At frequencies where distributed constant circuits such as transmission lines are used, the crystal holder will hold the tryst al across the line
Matching is achieved by placing the
at the point of proper impedance.
crystal at the proper point in the line. Since the impedance of the crystal
is purely resistive, the variation in r-f impedance can be cut down by
It is therefore
using crystals with a small spread of video resistance.
possible to fix the crystal holder at a definite point on the line.
VIDEO AMPLIFIER
19.5. Special Problems of High-gain Video Amplifiers.-The
highgain video amplifier used in crystal-video receivers is quite different from
the superheterodyne video amplifiers discussed in Chap. 8. In order to
meet the stringent requirements on gain, dynamic range, and sometimes
size, considerable sacrifice in performance must be made, particularly in
regard to pulse response.1
To obtain maximum sensitivity, the amplifier should have sufficient
1See also Vol. 18, Chap. 10, Radiation Laboratory Series.
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gain to bring pulsesup from the noise level to an amplitude suitable for
viewing on an indicator or for triggering an auxiliary circuit.
Thermal
noise level for a bandwidth of 1 Me/see is 4 X 10–15 watt.
For an
amplifier input impedance of 4000 ohms, this corresponds to a noise
voltage input of4~v.
Toobtain anoutput of4volts,
again of 120db
is required.
Signals as high as several volts, however, may also appear at the
input.
If nospecial care istaken tohandle such large signals, they will
drive successive stages of the amplifier to cutoff and into heavy grid cur-
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rent, blocking the amplifier for a considerable period after each strong
pulse and rendering it completely useless for the amplification of weak
signals. Some applications require that theinsensitive period following
signals be reduced below a specified minimum; others require further that
the shape or the length of the strong pulse shall be preserved despite the
limiting.
In either case, the problem of overload becomes the essential
feature of amplifier design, requiring an entirely different approach from
that of Cha~. 8.
Overshoots and Recovery.—In almost any video amplifier, many condensers are used for coupling and bypass purposes.
If these condensers
are not to cause distortion of pulses, they must behave as a perfect short
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circuit for anything other than direct current. This means that the voltage across the condenser and therefore its charge must remain constant
regardless of the presence of signals. In actuality, however, all signal
voltages tend to charge or discharge each condenser during each pulse.
After the end of the pulse, each condenser tends to restore itself to its
normal charge, thereby producing transients that appear as signals following the pulse. These signals are referred to as (low-frequency) overshoots, because they arise from the poor low-frequency response of the
amplifier, that is, the failure of the condensers to act as a perfect short
circuit at low frequencies.
In a high-gain video amplifier, overshoots become a serious problem
because of the large dynamic range. It is not sufficient that the overshoots be reduced to 10 or even 1 per cent of the signals producing them.
one per cent of a very strong signal is still considerably stronger than the
weak signals to which the amplifier should be sensitive.
If the overshoot
on a l-volt signal is to be less than noise, which is 4 pv at the input, it
must be less than 0.0004 per cent. It is for this reason that the problem
of overshoots is given the extensive consideration that follows.
Figure 19.8 shows typical waveforms for coupling, decoupling,
In each case a charge is
cathode-bypass,
and screen-bypass circuits.
built up on the condenser during the pulse, causing the output pulse to
This charge remains upon the condenser at the
have a slanting top.
end of the pulse and then leaks off exponentially, producing the overshoot.
The calculated values of the magnitude of the overshoot for the
various cases are given in Table 19.1.
T.iBJ.E 191.-FEAcTIo~.kL

OVERSHOOT AND RECOVERY TIME CONSTANT

I Fig. 19S

Circuit

Coupling . . . . . . . . . . . . . .

a

Decoupling . . . . . . . . . . . . .

b

Cathode-bypass.

c

Screen-bypass.

.

.........

d

~ractional overshoot
(r << T)

RccOvery

time constant,

T

RX

7

I
* T is the Dulsclength.
The effect of several circuits of this type in cascade can be understood
by considering the effect of one of these circuits on a signal that already
has an overshoot.
During the pulse, the condenser will charge, as in
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the simple case. Atthe end of the pulse, theovershoot produced by the
charge on the condenser adds to the overshoot on the input signal, producing an overshoot whoseinitiala mplitudei sthes urn of the two. The
condenser then discharges and charges up in the opposite direction, since
the input overshoot is now equivalent to a signal. A secondary overshoot
is therefore produced, which is the ‘( overshoot of the overshoot. ” Similarly if a signal passes through several circuits, there will be several overshoots, one for each circuit, as shown in Fig. 19.1.
The magnitude of a multiple overshoot can be determined qualitatively by considering it as the sum of the individual overshoots.
The
initial value of the overshoot is clearly the sum of the initial values of all
the overshoots acting independently.
However, since an overshoot of
long time constant has the major part of its energy at 101vfrequencies,
Thus
it will be attenuated by any circuit having a short time constant.
the amplitude of any component overshoot is reduced in a circuit having
a shorter time constant by a factor that is approximately the ratio of the
The multiple overshoot, therefore, can be contwo time constants.
sidered as the sum of individual component overshoots, each having a
magnitude given by Table 19”1 and modified by suitable factors to
account for the reduction in amplitude by all circuits of shorter time
constant.
Table 191 shows that the magnitude of the overshoot produced by a
given circuit is inversely proportional to the time constant of the circuit.
It is, therefore, theoretically possible to make all overshoots negligible
simply by making all the time constants
sufficiently large. There is, however, a practical limit to the maximum usable values of
resistance
ancl capacitance,
and it is generally
Fr(;. 19!1.-– Effect of shurtt
capacity
pulse.

Orl waveforms

of a

impossible

to clesign

no overshoots
were

possible,

microphonics

some
would

form
still

of

Iolv-frequenry

be needecl.

This

at all.

a high-gain

rejection
filter

amplifier

Furthermore,

would

filter

even
to

with
if it

eliminate

necessarily

intro-

duce an overshoot, since it would effectively introduce at least one short
time constant.
Efect oj Shunt Capacity.—In the previous consideration of overshoots,
the shunt capacity always present in coupling circuits has been neglected.
In common RC-coupled circuits, the effect of shunt capacity is to slow
up the leading and trailing edges of the pulse, because this capacity must
be charged before any voltage change takes place.
The normal effect
of shunt capacity is that sho]vn in Fig. 19,9.
With some circuits another effect of shunt capacity may be present
This can occur
which will cause apparcntl.y unexplainable overshoots.
in all circuits where the full ~’olta~e across the coupling condenser does
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not appear as a signal on the grid after the pulse but divides among several
branches.
Consider the typical coupling circuit of Fig. 19.10, with shunt capacitances Cl and CZ. At the end of the pulse there will be a brief flow of
current charging up the capacitances Cl and C2. This will divide the
voltage on the coupling condenser between the grid and plate circuits
inversely as the associated shunt cap,acit antes. Thus the magnitude of
the overshoot depends upon the ratio of the capacitances rather than on
the ratio of the resistances.
After a short period of time, however, the
charges on these shunt capacities change as current begins to flow through
the resistors, and the conditions described by Table 19.1 take effect. The
time required for this to take place depends upon the time constants of
the shunt capacitance and the load resistors.
The initial magnitude of the overshoot as caused by this shunt
capacitance can differ considerably from the values obtained from the
previous analysis.
For the case where RI is very much greater than R,
or for any other circuits that depend
for their effectiveness upon having
_&c
only a small portion of the condenser
J’Le
voltage appearing on the grid, the
,
actual initial overshoot may be conj
siderably greater than would be ex::: C!
+ c,
R,
petted from Table 19.1. This effect
;
f?~
:
will be of comparatively short dura~
tion, as the ratio of its time constant
~
z
to that of the expected overshoot is
~lG. 1$ 10.—Transient effect of several
equal to the ratio of shunt capacitance
shunt capacitances.
to

the

coupling

condenser.

Thus,

it

will appear as a sharp spike at the beginning of the overshoot as shown in
the waveforms in Fig. 19.10.
This effect may be troublesome in cases where the circuit has been
designed to have a negligible overshoot according to previous considerations.
The spike may be sufficiently larger than the overshoot to come
through the amplifier as an appreciable signal. The effect is difficult
to track down experimentally because it depends on the stray- capacities
which are affect ed by every change.
One obvious cure is to transfer the
spike to the plate circuit by loading the offending grid circuit with a small
condenser, thus changing the distribution of the coupling-condenser
volt age between the plate and grid circuits.
Microphonics and Low-frequency Inter ference.—In any amplifier that
has a high gain in the audio range, extraneous signals may appear as
the result of mechanical shock or vibration or of pickup from power
supplies or stray fields due to adj scent power equipment.
Each indi-
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vidual amplifier presents its own problem in this respect, depending upon
the special performance requirements of the amplifier and the particular
conditions under which the amplifier will be used. There are, however,
certain general precautions in the way of shielding and cushioning that
are applicable in all cases.
In spite of these precautions, it is almost certain that extraneous signals will be present with sufficient amplitude to necessitate their removal
by some sort of filtering in the amplifie~. This filtering must be inserted
at some point before the signals reach sufficient amplitude to cause variation in the transconductance of the tubes, or else the low-frequency dis70
60
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FIG. 19.11.—Attenuation
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introduced by a short time constant.

turbance will modulate the high-frequency noise that is always present
and so be transmitted through the filter. The simplest form of such a
filter is a short time constant.
Figure 19.11 shows the attenuation vs.
frequency for several values of the time constant.
The shorter the time
If, however, the
constant the better will be the low-frequency rejection.
time constant is too short relative to the pulse length, the pulse will drop
This is generally undesirable.
If
sharply in amplitude during its length.
several short time-constant circuits are present in an amplifier, the lowfrequency rejection will be much better than with only one, but this will
In the design of an amplifier using RC
introduce more overshoots.
coupling, the time constants are made as short as possible without
making the pulse response unsatisfactory.
Pulse Stretc~ting.—There are some applications for high-gain video
amplifiers that require that the pulse length be preserved in passing
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through the amplifier, rcgmfless of signal strength.
This presents a
serio{[s problem because of the large dynamic range of the amplifier.
A
sign:~l th:~t,is sewr:d ~olts at the input will be repeatedly amplified and
limitwl throughout the amplifier; thus, the signal appearing at the output
will be only that portion of the input pulse which is below the saturation
level of the amplifier, or about one-millionth of the original signal, amplified up to saturation level. The width of the output pulse will, therefore,
be the ~vidth of the input pulse measured at a point 120 db down. Any
slope in the trailing edge of the pulse due to shunt capacity, as shown in
Fig. 199, will result in considerable stretching of a strong pulse after
repeated amplification and limiting.
The amount of stretching produced is, of course, a property of the
amplifier and is independent of the length of the input pulse. The
amount of stretching or lengthening, measured in microseconds, is usually
more or less proportional to the strength of the input signal in decibels.
Therefore the performtinw of an amplifier in this regard is often specified
m
by a” stretching coefficient” expressed
in decibels per microsecond.
Thus if
—
IIG.
1912.-Limitation
of pulse
an amplifier
had a coefficient
of 100
stmtrhing by tllc introduction of an
db/Psec,
a pulse 1 psec long and 100
~v,,,~oot,
db above the minimum input level
~vould appear in the output as a 2-psec pulse. A similar 5-psec pulse
would appear in the output with an apparent length of 6 ~sec.
One obvious rncthod of reducing pulse stretching is by shortening the
time constants of the circuits causing it. This may involve a considerable sacrifice in gain per stage, since the minimum shunt capacity is
determined by the interelectrode tube capacitances and by wiring capacitance. ‘~he only method of reducing the time constant is, therefore, the
reduction of the load resistors ~vith the consequent loss of gain. Another
method of improving the pulse stretching is by the introduction of an
overshoot early in the amplifier before appreciable limiting takes place.
This has the effect of making the signal cross the baseline at a definite
point, as sho]m in Fig. 1912, instead of approaching the baseline asymptotically as in the previous case. Therefore the maximum amount of
pulse stretching that can occur in the amplifier is the distance ab in Fig.
1912, regardless of the amount of amplification and limiting follo~ving
this point.
19.6. Circuits Used in High-gain Video Amplifiers.-The
choice of a
circuit, to be used for a given ~-ideo receiver depends upon the desired
recovery and overshoot performance more than upon anything else.
Each type of circuit used is characterized by its overshoot performance
and, in particular, by the manner in ~vhich the grid-c(lrrent problem,
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discussed in greater detail belmv, is handled.
(Another important consideration, in the case of small amplifiers, is the ]veight and poivcr consideration.
Small amplifiers are discussed in detail in Sec. 197.)
Although it is impossible to eliminate overshoots completely, it is
advantageous wherever possible to design circuits so that the overshoots
produced by them will be negligible at the output of the receiver,
‘1’his
means that the overshoot following a very strong signal rnlmt be less than
the magnitude of a very weak signal or that the fractional overshoot
must be less than the ratio of the wwakest signtil to the strongest, Jrhich is
the reciprocal of the dynamic range of the amplifier.
Because of limiting, the dynamic rtin~c of signals actually present
lrill vary from point to point in the amplifier,
At each point of limiting,
all signals above a certain amplitllde arc clippcxl. ‘1’11(,dynamic range
beyond this point is thus reduced, and therefore the allf)wd]t> f’ractiorm]
overshoot is increusecl. The first fc]r rirc(lits ha~e the most severe
requirements on the time constants in order to eliminate overshoots.
The nearer a given circuit is to the output end the shorter its time constant can be ~vithout introducing appreciable overshoot.
If the dynamic range of an amplifi~>r is one million, the fractional
overshoot produced by the circuit preceding the first point of limiting
must be less than one-millionth if the overshoot is to be negligible at the
output end. This can generally be achieved only if there is a short time
If all time constants were long, the
constant later on in the amplifier.
fractional overshoot produced by the first circuit would be approximately equal to the ratio of the pulse length to the time constant.
To
make this less than 10–6, a time constant of the order of seconds would be
required for a I-psec pulse. This is out of the question in most practical
cases. The use of a short time constant later on in the amplifier will, as
discussed in Sec. 19.5, reduce the magnitude of the overshoot in the first
circuit by a factor approximately equal to the ratio of the time constants.
Thus the fractional overshoot will be given by
(6)
where 7 is the pulse length, TI the first time constant, and T.2the second
This may be solved for T1 to give
time constant.
T, =
If
signal
Then
equal

12

J--”T

–a-.

(7)

it is assumed that the overshoot must be one-tenth of the weakest
in order to be negligible, a is 10–7 for a dynamic range of 120 db.
with typical values r = 2 ~sec and T, = 5 psec, T1 is found to be
to 10,000 psec, which is not an unreasonable value for some circuits.
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“ Brute Force” Circuit.—An obvious approach to the design of a highgain video amplifier is to make all time constants long except one, which
This will be possible if a time
is short for the rejection of microphonics.
constant of 10,000 psec can be achieved in all circuits except one.
For coupling circuits, the upper limit on grid resistors for most tubes
is 1 megohm.
If no grid current is drawn, a condenser of 0.01 pf will give
a time constant of 10,000 psec. If the value of the resistor is closer to
0.1 megohm, the condenser required is 0.1 pf. These are reasonable
values for use in most amplifiers, except those where an extremely small
package is required.
However, the use of a postage-stamp-size O.O1-Pf
condenser still allows a fairly small amplifier to be built.
Decoupling circuits can generally be designed for negligible overshoot.
The plate-load and decoupling resistors may usually be made as high as
10,000 ohms. This would require a capacity of 1 ~f to get a time constant of 10,000 psec. For a large-size receiver this is allowable, but for
small receivers some other scheme must be used. Generally, there are
several small time constants later in the receiver which alleviate the
problem,
Screen-bypass circuits require components of the same order of
magnitude as decoupling circuits and are therefore subject to the same
limitations.
For this reason, it is often advantageous, especially where
small size is important, to use triodes and eliminate the screen-bypass
circuit.
Table 19.1 shows that the resistance determining the time constant of
the cathode circuit is the reciprocal of the transconductance of the tube.
Enormous cathode-bypass condensers would be required to obtain a time
constant of 10,000 psec. A tube having g~ = 3000 pmhos would require
a cathode-bypass condenser of 30 Wf. For this reason, it is common practice to leave cathode resistors unbypassed.
If the cathode resistor is
In some
small, the loss in gain due to degeneration is not appreciable.
cases the cathode resistor is bypassed by a small condenser in order to
improve the high-frequency response. In this case the time constant is
so short that the overshoot is negligible and is obscured by the slow
trailing edge of the pulse caused by poor high-frequency response.
All these considerations would indicate that it is quite feasible to
build an amplifier in which all overshoots save one are negligible.
However, an important difficulty is introduced when stages are driven into
the grid-current region. If grid current is drawn, the grid resistor is
shunted by the input conductance of the tube and it no longer affects
the time constant, which is now dependent upon the plate-load resistor
and the coupling condenser.
Since the plate-load resistor must carry
the plate current of the tube, values higher than about 50,000 ohms are
not suitable, except in certain special applications in which triodes are
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used. The plate resistance of the triode, therefore, effectively shunts
the load resistor in these special cases, and the parallel combination is
generally less than 50,000 ohms. The coupling condenser required for a
time constant of 10,000 ,usec is therefore at least 0.2 pf and is generally
higher. Elimination of overshoots becomes impractical with simple RC
coupling if grid current is drawn. 1
In the “brute force” circuit, grid current is prevented by choosing
the operating points of the stages so that the limited output of each stage
having positive output will not drive the succeeding stage into grid
current.
If the amplifier handles signals of only one polarity, the stages can
be divided into two types, those which receive a negative signal and those
which receive a positive one. The limited output of a negatively driven
stage is the signal produced by cutting off the tube, which is equal to
the voltage drop in the. load resistor. ‘To keep this low, a tube that draws
a relatively low plate current for a given transconduetance should be
used and should be operated at a low bias. In order to obtain satisfactory amplification from the positively dri~en stage, while operating it at
a high bias, the tube must have a reasonable value of transconductance
at a large negative bias. This property is obtainable only in tubes of
high po~ver consumption such as the 6AG7.
If the amplifier must handle
signals of both polarities, high-current tubes must be used in each stage
and must be operated with sufficient bias and Io\r enough current to give
Because increasing bias and decreasing
a satisfactory limited output,
plate current tend to decrease the tmnsconductancc, the gain obtainable
per stage in an amplifier required to handle signals of both polarities will
be considerably less than that of an amplifier handling only one polarity.
lnw~se-jedbacli
Pairs.—Thc
in~-erse-feeclback-pair circuit described
in (~hap. 6 can be used in a high-gain video amplifier to improve the overBecause of two effects, ~vhich vwre not treated in Chap. 6 as
shoots.
they are of little interest to the designer of an i-f amplifier, considerably
better overshoot performance can be obtxined from a properly designed
feedback pair. If the amplifier is designed so that negative signals appear
at the input of the pair, the constants of the pair may be so adjusted that
without excessive loss of gain, the positive signal appearing at the second
I A-ote, however,

that the use later in the anlplitk-r of several small time constants

instead of only one introduces

another factor in llq. (6) reducing a. This allows the
Also, note that
use of a smaller time constant than 10,000 pscc in the first circuit.
the grid resistor is shunted by a low resistance only during the pulse but not
during the overshoot.
The time constant of recovery for the overshoot therefore
includes the grid resistor and can he made considerably larger thzn the time constant
during the pulse.
This will increase the factor by which the overshoot is reduced by
following short-time-constant
circuits.
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grid will be limited to a value that does not cause grid current to flow.
Also, feedback has the effect of reducing the overshoot of the interstage
coupling circuit by a considerable factor from what it would be in the
A typical circuit is shown in Fig. 19.13.
absence of feedback.
It is shown in Chap. 6 that the relative values of the load resistors in
a feedback pair can be adjusted without changing the over-all response of
the pair, provided that the feedback resistor is properly varied.
This
has the effect of varying the relative gains of the two stages without
The overloading of the second grid can
changing the over-all response.
be minimized by putting as much gain as possible in the second stage
and as little as possible in the first. Thus, the maximum signal appearing
at the second grid will be much less than in a circuit with the same overall gain and no feedback, and the overshoot
B+
on maximum signal will not be so great. In
some cases, it may even be possible to design
R]
the pair so that no grid current at all is
R 12
drawn.
The theory of Chap. 6 cannot be applied
to this problem, however, without reservations, because the large signals drive the tubes
over a sufficiently wide range to make the
assumptions of linearity invalid.
Although
~
FIG. 19.13.—Inverse-fer.dhark
a theory using a nonlinear characteristic or
pair.
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obvious method of elimination of the problem of charging of the coupling condenser by grid current
is the elimination of the coupling condenser.
Any conventional directcoupled circuit can accomplish this, carrying along with it the usual
Direct-coupled

Inverse-feedback

Pair.—An
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problems of a more complicated power supply.
Use of an inversefeedback pair in conjunction with direct coupling,’ as shown in Fig.
19.14 allows the use of ordinary power supply.
In this circuit, the first tube of the pair is operated at a low plate
voltage, at which the tube still performs satisfactorily as an amplifier.
The large cathode resistor of the second tube furnishes sufficient cathode
e+ bias to bring thecathode potential above that
Because
of the grid by the desired amount.
of the t~ro types of d-c degeneration present in
this circuit, it is unusually stable ]vith respect
to power supply and tube variations.
The unique feature is the effect of the
feedback in reducing overshoot caused by the
cathode bypass condenser, thus making it
—
=zc possible to bypass the large cathode resistor,
which would otherwise cause considerable
L
.
loss in gain. This circuit has the advantage
FIG. 19.14 .—Direct-couplecl
inof all others considered here, in that it has
verse-feedback
pair.
eliminated the problem of grid current.
N’ote, however, that it is restricted to applications where only negative
signals are impressed upon the first grid of the pair.
Double Short-time-constant
Cticuit jor Single Overshoot.—Where there
are two short time constants, there will, in general, be a secondary overshoot.
By allowing grid current to be drawn in the stage following the
second short time constant, the
magnitude of the first overshoot
may be increased to the point where
the second overshoot is effecti~’ely
eliminated.
The waveform so produced is shown in Fig. 19.15. The
secondary overshoot, although still
recognizable, no longer crosses the
FIG. 19 15.-–Elimination
of secondal y overbaseline and so does not act like a
shoot by drawing
grid current.
second signal. This behavior may
be understood in terms of the picture previously given in Sec. 195 of the
formation of the secondary overshoot by noting that the time constant of
the second circuit is short during the signal pulse because of grid current.
Therefore, a large primary overshoot is produced.
On the other hand, when
the pulse ceases and the overshoot from the first circuit appears at the
second circuit, the time constant of this latter circuit is long, and therefore the magnitude of the secondary overshoot is comparatively small.
1 The unique advantages of the direct-coupled inverse-feedback
strated by R. J, Grambsch at the Radiation Laboratory.

pair were demon-

..

SEC. 19.61

C’IRCUITS

USED IN HIGH-GAIN

VIDM)

A M1’LIF18R,9

527

The recovery in this case will be poorer than in the absence of grid current; however, in some applications the elimination of the secondary
overshoot is more desirable than the quick recovery.
The condition for no secondary overshoot may be shown to be
Tzb z T1 + TzO, where T1 is the time constant of the first circuit, Tti
that of the second in the presence of grid current, and T,b that of the
second in the absence of grid current.
Multiple-overshoot
RC.—For applications where multiple overshoots
are allowable and the desired recovery time is moderately long in comparison with the pulse length, a multiple-overshoot
amplifier is the
simplest solution.
Simple l? C-coupled cirB+
cuits can be used with moderately short time
Grid
constants in the coupling circuits.
L
Cc
current is allowable provided that grid resistors
are comparable to or smaller than plate-load
resistors, thus making the time constants with
----and without grid c u r r e n t approximately
-i.
+ip —
. ., . c,
R
equal.
If this is not done, the overshoots
produced will have a very long recovery.
Bypass and decoupling circuits can use much
FIG.
1916.-Choke-coupled
shorter time constants than are allowable in
amplifier stage.
a sirwle-overshoot amulifier,
since there are
.,
more short time constants in the amplifier to reduce the overshoots produced by these circuits.
Multiple-overshoot
amplifiers are much less subject to interference
from microphonics and extraneous low-frequency signals than are singleovershoot receivers because of the greater low-frequency
rejection
afforded by the larger number of short time constants.
Choke-coupled Circuit.—It has been shown that when grid current is
drawn, the plate-load resistor must be made as high as possible to increase
the time constant of charging of the coupling condenser.
This produces a
large voltage drop across the resistor and uses considerable power. A
high power-supply voltage and a high-wattage resistor are necessary.
To avoid these complications a choke may be used in place of the plateload resistor.
The choke acts as a high impedance during the charging
of the coupling condenser but has a negligible d-c voltage drop. The
circuit is shown in Fig. 19.16.
In this circuit, the inductance of the choke may resonate with the
stray shunt capacity or with the coupling condenser, producing a train
of damped oscillations following each pulse that are equivalent to a series
of overshoots.
To avoid this effect, both circuits must be at least
critically damped by the grid resistor. The value of the grid resistor is
determined by the amount of gain desired, and therefore the inductance

528

CRYSTAL-VIDEO

RECEIVERS

of the choke is determined by t-his condition
The conditions are
damping.
L k ~~,~t~

[SEC, 196

of greater-than-critical
(8(1)

and
(w)
‘l’his is achieved generally by making the inductance as large as is
practically possible (85 mh is a good value), thus satisfying condition (8a)
and making the coupling condenser large enough to satisfy condition

(8b)
If the inductance is sufficiently high, the fractional overshoot will be
that of an 12C-circuit having a resistance equal to the grid resistor regardless of the presence of grid current.
Output C7i~cuits.-If the application for ~vhich a video receiver is used
requires that the output signal be
B+
viewed on an indicator, standard Ollt.
put circuits, such as have been described in Chap. 8, can be used. There
!/
are many applications where the amIi
plifier output is never ~riewed, however, but is merely used as a trigger
--J’for some other circuit.
For these
applications, it is often advantageous
to make the amplifier output circuit
a trigger circuit of some sort. The
most common type of output trigger
circuit is the multivibrator, one form
output
F]~. 19.17, —!vfultivibrator
of lvhich is sho]m in Fig. 19.17. This
circuit.
circuit belongs to the class of morLostafde circuits as described in Vol. 19, Chap. 9, of this series.
It is generally advantageous to trigger the multivibrator
with a
negative signal on the normally conducting tube.
In this way the
Furthermore, the multivibrator
amplification of this tube is utilized.
action can prevent the charging of the input coupling condenser by grid
current.
If there were no multivibrator action, the positive overshoot
would drive the input grid into the positive region and charge the coupling condenser with the grid current, thus producing a long secondary
overshoot.
The multivibrator action, however, causes a large negative
pulse having a duration determined by the constants of the circuit to
appear on this grid. If this pulse is greater in amplitude than the positive
overshoot on the input signal, the grid will remain negative and no grid
current will be drawn.
Care must be taken that the positive overshoot
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is Ilt)t ~rc:ttcr than the negative
multi vibrator
pulse; otherwise the overshoot ]vill serve as a trigger to the multivibrator, causing the cycle to end
too soon.
If a multivibrator output circuit is used with a multiple-overshoot
amplifier, it is often advantageous to make the length of the multivibrator cycle slightly greater than the time required for all the overshoots
There will thenbe only one output
foll{)!~ingastrongsignal
to decay.
signal for each input, signal to the amplifier, regardless of the number of
This will eliminate the possibility
overshoots produced in the amplifier.
of overshoots app(’ <aringas spuriolls signals and providing false triggers to
Iatcr circ~iits.
OUC ~ariation of this circuit can be used in cases Jrhere the original
I)ulse length is to bc preserved, but all overshoots m~lst be eliminated.
1n this case, the input signal to the multiB+
~’il)rator is a positive one, Jrith a negative
overshoot.
The positive signal is amplified by the first tube producing a negative
signal that has no effect on tbe second
tllbl?, Ivhich is already nonconducting.
L
‘1’he negative overshoot, ho~vevcr, is in the
proper direction to cause multivibrator
action, and the resulting multivibrator
pulse can be made sufficiently long to cover
>.
:dt heovershoots.
If the output is taken
L~
from the plate of the first tube, the result
l~t(:. I!). IX.—-Output circuit for
\vill

be

large
to the
able,

a negative

positive
length

signal

overshoot,
of the

multivihrator

it can be clipped

bother

special

follo~veci

equal

by

outp~lt

by

:L

low-~oltage amplifier.

in length
pulse.

If this

overshoot

is objection-

a diode.
circuit

is sho\vn

in Fig.

1!3,18.

It

is used

in

at a Io\v~oltagel where it is desirable to get a highvoltage output signal, us~udly considerably higher than the supply
~oltage.
“~he output stage is a po]rer-amplifier tube, operated to draw
a high plate current through an inductive load.
When a negative
signal on the grid of this t~lbe sh~lts off the current, there will be a high
volt~ge generated across the in(luctancr, ~rhich can be many times greater
It is also possible to combine this circuit with
than the supply voltage.
the m~dtivibrator by using an inductive plate load in the tube that is
normally conducting.
19.7. Small Amplifiers. -Chle of the main advantages of the crystal~.ideo receiver over the more sensitive and higher-fidelity superheteroTherefore
dyne is that of small size and lo~ver power consumption.
most applications of the video receiver are in cases where performance is
amplifiers

operatin%

The choice of tubes and circuits for
secondary to these considerations.
small amplifiers is, therefore, of considerable importance in videorecciver design and is based upon criteria considerably different from
usual amplifim- clesign. (’ircuits are chosen not for their performance
but for their ability to make me of small components and to require a
minimum of poJvm-. Very often the circuits actually used are extremely
inefficient accor(ling to normal criteria such as gain-bandwidth product
or number of stages.
The various applications for small amplifiers can be grouped into
several general cl:~sses according to the po~ver available for the amplifier.
There arc applictitions ~t-here sufficient po~ver is available to meet the
needs of any circuit chosen, so that a light~veight compact amplifier
llsing heater-type tubes with moderately high plate voltages and currents
is suital)le.
There are other applir~tions ~~here the available power
supply limits the plate current, the heater current, or both.
Here, tubes
}~ith a-c heaters ~villagain be Ilsed, but they may have to be types selected
for low beater drain, operated at lower plate current.
It is quite possible
that this type of amplifier may use more tubes than one in which B-supply
current is no consideration.
Where the only source of power is a storage battery or generator of
28 ~’oltsl it is advantageous to design an amplifier that will not require a
higher plate supply Voltage, thus eliminating the need for dynamotorsj
The primary concern is to obtain the
vibrators, or similar e(lllipment.
desired g:lin and performance ~vith a 28-volt B-supply, size and heater
B-supply current, negligible in
power being of sec(mdary importance.
comparison lvith heater current, is of no concern whatsoever.
For some port:d)le applications, the only source of power available is
dry battericw. Since the life of sllch equipment is inversely proportional
to thr pojvcr drain, it is important that this be kept as low as possible.
Filament-type tubes must be used where~-er possible because of the
cnorrnous saving in power over tubes using indirectly heated cathodes.
C’hoice of Tubrs-In
small amplifiers, the prime consideration in
choosing tubes and circuits is gain, which directly affects the size of the
:~mplifier, rather than bandJvidth, which affects only the pulse shape.
The best tube for a given application is the one that will furnish the most
gain for a given space or po~ver-drain requirement.
In many applications, the band}ridth or the pulse response is required only to be such that
the output waveform indicates the presence of signals, without giving
any information regarding the nature of the signal.
When this is the case, triodes are generally superior to pentodes for
small amplifiers, despite the higher figure of merit of pentodes.
The
high amplification factor of pentodes cannot easily be utilized to obtain
high gain unless large plate-load resistors are used, This produces a high
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d-c voltage drop across the load resistor, thus necessitating the waste
of considerable power and the use of high-wattage load and decoupling resistors. The use of the choke-coupled circuit to circumvent this
problem introduces added complexity to the circuit and increases the
size by adding the chokes which can easily be larger than I,he tubes used.
If suitable compromise values are chosen, an amplifier can still be built
using pentodes without excessive power requirements in which the gain
per stage is higher than that obtainable with triodes.
The use of twintriode tubes, however, makes possible a considerably higher gain per
Furthermore, the eliminaenvelope than that obtainable with pentodes.
tion of the screen dropping resistor and bypass condenser may allow a
considerable saving in size, especially where miniature and subminiature
tubes are used, and the size of the amplifier may well be determined more
by the number and size of the other components than by the tubes.
The
screen bypass condenser, for the first tube in particular, presents a serious
problem, since it maybe fairly large to ensure good recovery.
The main disadvantage of triodes for normal video-amplifier use,
namely the Miller effect, is of little significance for this type of amplifier.
Although the grid-plate capacitance appears effectively across the input
circuit of each stage, multiplied by the gain of the stage, causing the input
capacity of the stage to be unusually high, this merely has the effect of
re,ducing the bandwidth and distorting the pulse and has a negligible effect
on the gain. 1 The coupling condenser must be kept considerably larger
than the equivalent input capacity, however, since the two capacitances
are effectively in series across the plate load acting as a capacitance
voltage divider.
If the coupling condenser is too small, a considerable
portion of the signal will be lost across it. This puts a limitation on the
shortest possible time constant that can be used without loss of gain.
choice o.f Circuit.—The choice of the circuit to be used for a small
amplifier depends upon the size and power requirements and the desired
Brute-force prevention of grid current, with large time conrecovery.
stants for all circuits except one, is out of the question for a small amplifier
because of the large physical size of the components required.
The
inverse-feedback pairs, direct or capacity coupled, can be used for amplifiers using heater-cathode-t ype tubes, with a high-voltage plate supply.
Because of the absence of cathodes in filament-type tubes, direct coupling
is out of the question for them. Neither type of inverse feedback can be
used under low-voltage conditions without excessive loss of gain. Thus,
the double short-time-constant is the only scheme outlined here that is
usable for designing a single overshoot amplifier operating with a low
plate-supply voltage.
~This is not true in the early stages of the amplifier before the signal has been
distorted

and lengthened.
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For multiple overshoot amplifiers, straight RC coupling is simplest
and best. Choke coupling can be used, but the advantages scarcely
justify the added weight and size.
In applications
using a 28-volt
power supply, more stages will be
necessary for a given gain than
L output
with heater-cathode-type
tubes
operated with a high B-supply
voltage, because of the reduced
transconductance.
For some special applications
where a high B-supply voltage of
the order of 300 volts is available
but the allowable current drain is
low, a reduction of the current drain
by a factor of 2 can be achieved by
connecting the tubes in pairs, in
+
series
across the B supply, as shown
connection
of
t 9.19.—Series-pair
1:1G.
in Fig. 19.19. For pulses, the pair
amplifier
stages.
represents an ordinary pair of amplifier stages, since the cathode of the second stage is effectively grounded by
the large condenser C. For direct current the two tubes are in series
,B+

+

FIG. lg ~()..series

OUtDUt

~>tlllrlec~lor,
of dircvt.coupled inverse-feedback pairs.

across the 13 supply.
Thus, the voltage across each tube is half the B
supply (150 volts, if thetotalis 300), which isstill enough for good amplification, whereas the current drawn from the supply forthetwo
tubes is
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only the plate current of one tube. This same idea can be extended to
the direct-coupled inverse-feedback pair, as shown in Fig. 19.20.
The characteristics of the amplifier are not determined completely by
the circuit diagram.
As has been discussed previously, stray capacity
Even
can play an important part in the pulse response of the amplifier.
more important in small amplifiers is the possibility of stray feedback
which may have a peculiar effect on the pulse response of the amplifier
These effects
and, if there is enough of it, may result in oscillation.
can be avoided by proper layout and proper grounding as discussed in
Chap. 10. Briefly, the following points must be considered: The stages
should be laid out in the form of a strip, from input to output; common
ground points on the chassis should not be used for several stages; heaters
should be grounded to the chassis at points where there are no other
connections.
10ma

22ma
I

i
n

1.1k
L.
FIG,

19,21.—Illustration

2.2k
1

I
of the

principle

of design.

19.8. Examples.—Three
examples of crystal-video receivers are discussed in this section.
They have been chosen in an attempt to present
a fair cross section of the types of receivers that might be built.
Receiver 1.—This receiver uses large tubes, 6AC7 and 6AG7, and was
It is shown in Figs. 19.21 to 1924.
designed for a fixed installation.
The amplifier is designed using the brute-force circuit to take a negative
input pulse; thus a receiver for the 3000 -Mc/sec band can be made by
the addition of a crystal holder like that of Fig. 19.6, which is not shown
The receiver works with 2-Psec
in the photographs of the receiver.
pulses and limits the stretching to 60 db per microsecond.
This means
that the amplifier must have its pulse stretching limited to 120 db per
microsecond because of the doubling effect of the square-law detector.
The stages of the amplifier are designed in pairs, a typical one of
which is shown in Fig. 19.21. In order to drive the 6.4G7 into grid curAt zero
rent, the grid voltage must rise above the cathode potential.
grid bias, the plate current of the 6AG7, as operated in the amplifier, is
about 64 ma. Adding to this the zero-signal screen current of 6 ma,
there will be a total of 70 ma flowing through the cathode resistor during
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a pulse that barely drives the tube into grid current.
The cathode voltage will therefore be 0.070 X 160 = 11.2 volts.
If no grid current is to
be drawn, the signal on the grid of thk tube must, therefore, be limited to
less than 11.2 volts.
The limited output of the 6AC? is

0.010 x 1100 == 11 volts,
which is less than 11.2 volts and will not drive the 6AG7 into grid cur-

-.

FIG.

19.23.—Bottom

view

of chassis,

Receiver

I.

rent. In the circuit diagram of Fig. 1922 the values are slightly different
and would indicate on the basis of the previous calculation that grid
current would occur.
Actually, the tube characteristics are such that
the circuit of Fig. 19.22 does not show any effects of grid current.
The time constants of all circuits are long except for the coupling
circuit between the fourth and fifth stages, which is made short to introduce a single overshoot and to reduce microphonics.
Because the

-.
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application requires that there be a sag of not more than 20 per cent in
Since
a 2-psec pulse, a time constant of 10 psec is used for this circuit.
the signal on this grid is negative, the overshoot produced will drive the
tube into grid current, thus shortening the time constant of recovery for
this circuit.
Cathodes are left unbypassed, except for the small condensers used
for peaking in the second and fourth stages. The screen bypass condensers are returned to the cathodes rather than to ground, so that the
signal component of the screen current will not flow through the cathode
The degeneration is kept as
resistor and produce added degeneration.
low as possible by the use of small cathode resistors.
The cathode resistor in the first stage is higher (68u) than the other
6AC7 cathode resistors (23.5 ohms—actually two 47-ohm resistors in
parallel) inorder to ensure that no grid current flows through the directcoupled crystal.
Capacitive coupling is out of the question because of
theenormous condenser thatwouldbe required toprevent overshoot.
To
ensure that the pulse stretching beheld to 120 db/~sec, the bandwidth of
the ampIifier must be somewhat over 2 Me/see.
The narrowest circuit
Hence the crystal used is the 1N27
is likely to be the input circuit.
whose video resistance is specified to be less than 4000 ohms.
The layout of the amplifier is quite straightforward and is shown in
Fig. 19.23. The row of condensers nearer the tubes are the screen bypass
condensers, the others being decoupling condensers.
Of particular
There are three ground points
importance are the ground connections.
for each tube, one for the shell, one for the heater, and the other for the
suppressor, which carries also some circuit grounds.
To ensure stability,
all circuit grounds should be connectea to the suppressor pin and none to
the heater. In this case, it has been found permissible to violate this
principle to a small extent without undue instability by returning the
cathode circuit to the heater pin. As constructed, the amplifier is stable
with a small cover over the circuits of the first tube and the remainder of
the amplifier open. For convenience, a cover fitting over the entire
amplifier is used.
To reduce microphonics, the first tube is shock-mounted.
The leads
to this tube, as shown in Fig. 19.23, do not go to the socket itself but to
tie points mounted on a bakelite ring which are connected by flexible
leads to the shock-mounted tube.
The amplifier requires an electronically
regulated power supply
furnishing 120 ma at 300 volts.
Filtering in the heater line is necessary
to prevent transients on the power line from being picked up within the
amplifier and being amplified as signals.
Figure 19.24 shows the top view of tkle chassis of this amplifier with
the large condensers used for screen bypass and decoupling.
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Receiver 2.—This receiver ~vasoriginally designed for an ultraportable
application in the neighborhood of 3000 Me/see.
It has a relatively
narrolv r-f bandwidth which, however, may be set anywhere within a
broad band of frequencies.
The original specifications allowed some

I;lG.

1925,-Crystal

holder

and

tuned

ca,-it}-.

B+

68k

*
Flu.

19.26.—Circuit

of amplifier,

Iteceiver

2.

reduction in sensitivity, so the r-f filter and crystal holder are combined
in one unit \vhich is visible in Fig. 1925.
The cavity is tuned by the micrometer which is not expected to hold
a calibration.
There is an insertion loss of several decibels in this cavity.

538

CRYSTAL-VIDEO

RECEIVERS

[SEC,

19.$

Because the receiver is tuned each time it is used, the problem of designing the holder to match a spread of crystal impedances is not serious.
The amplifier circuit uses direct-coupled inverse-feedback pairs with
a multivibrator output circuit.
The inverse-feedback pairs are designed
asdescribedin
Sec. 19.6. The last twotubes form amultivibrator ~vhich

L
I

.—. -.—.

. — ___________

. .
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. .
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(a)
171G,

19.27.—Mounting

strip

of s“brniniat”re

amplifier,

(a)

Bottom

view;

(b) top

view

is triggered by the negative signal appearing on the grid. The short
time constant for the elimination of long overshoots and low-frequency
interference is the time constant of coupling in the multivibrator, 50
ppf and 20,000 ohms, giving a time constant of 1 psec. In addition,
the time constant in the grid of the first tube of the multivibrator is
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the negatively driven stages. Decoupling has been eliminated, as the
amplifler is quite stable if the B-supply impedance is low. This can
g-enerally reachieved byusing a condenserof moderatesize (between O.1
and 1 pf) across the supply.
The circuit diagram for this amplifier is
shown in Fig. 1926.
The uniquefeature of this amplifier. is the small size obtained by the
The details of layout and conuse of type SD-834 subminiature tubes.
struction are shown in Figs. 1927 and 19.28. The tube clamps are
mounted on a bakelite strip, together with turret lugs ~vhich are used
The slots are put into the strip to allow for the
for all connections.
The power leads
rnountingof the postage-stamp-size O.01-pf condensers.
are strips of copper foil running along the back side of the strip, as shown
in Fig. 19.27a, the upper strip being the B bus and the bottom strip being
the heater bus. This serves the purpose of keeping the power leads close

u
-

Input

2 stages
2 (+)

l-l
i-

3-

4 stages
4(q)

Cathode
follower
28D7

-=?

n

~,tage

---d

+ Input

7F8
-2-

FIG. 19.29.—Block

diagram

of receiver.

to the chassis and out of the way, avoiding unnecessary congestion of
leads. The strips, kept aJvay from circuit components and ha~-ing high
capacity to ground and low inductance, are not so prone to cause feedback trouble as are ordinary wire leads.
The strip is mounted into the chassis, using another bakelite strip of
simil:w dimensions to insulate the copper strips from the chassis. Ml
connections are made to the turret-lug terminals on the strip, except for
ground connections which are made to turret lugs mounted directly into
the chassis below the strip. There is a separate ground lug for each
stage, plus other ground lugs where the heaters are grounded.
Some
lugs serve as ground for two heaters, others for one, depending upon conWith
venience, but no lug is used for both heaters and other circuits.
the precaution of separate grounds and the copper strip as the heater
lead, there is no need for further filtering of the heaters.
Recciwr 3.—This receiver, showm in Figs. 19.29 to 1931, is designed
for an airborne application, where it is desired to place the receiver at a
point remote from the rest of the equipment, including the power supply.
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It was also required that the receiver must use 28 volts and must be
The rccei~,er
capable of delivering a 12-volt triggerinto a 95-ohm c&le.
must furnish atrigger forany signal that it rcceivesin either of tv-o bands,
one in the neighborhood of 10,000 Me/see and one in the neighborhood of
This necessitates two crystal holders feeding into a double3000 NIc/sec.
channel amplifier.
Since the 3000 -31c/sec crystal holder has a negative
video output and the 10,000 Mc,isec has a positive video output, the two
amplifier channels must take signals of opposite sign.
To gi~-e maximum sensitivity, the trigger circuit must be adjusted so
that it just fires on noise. The use of a separate trigger circuit for each
Therefore the noise outputs of
channel would require too many tubes.
the two channels add, each reciucing the sensitivity of the other channel.
If satisfactory sensitivity is to be obtained on both bands, the gains of
the two channels must be balanced.
Two gain controls are necessary,
one that affects only one channel and is therefore a balancing control
and one that affects both channels and controls the output noise level.
A block diagram of the amplifier is shown in Fig. 1929.
The two
input, channels are mixed after one stage of amplification for the positive
signal and t~~o stages for the negative, in order to get the necessary
relative inversion.
This is followed by four stages of amplification and a
In parallel with the normally conducting tube of the
multiribr~tor.
multivibrator, except for the plate circuit, is a driver stage using the highvoltage out put circuit described in Sec. 19,6 under “ output circuits. ”
The high output pulse is used to drive a cathode-follower output stage.
Considerable output is obtained by use of type 281)7 twin beam-po,.verThe 7F8 twin
amplifier tubes as the driver and the cathode follolver.
triode, although not designed for 28-volt operation, performs quite ~vell
as an amplifier under this condition and is used for all stages except the
output.
The circuit shown in Fig. 19.30 is one of straight RC-coupling with
The time constants are chosen to make the recovery
multiple overshoot.
as rapid as possible.
Short time constants are introduced into the amplifier as late as possible, so that the signal will be limited before reaching
these circuits and will produce smaller overshoots.
It is important that
long overshoots do not reach sufficient amplitude to drive tubes to grid
current.
Hence, the short time constants are used in the coupling circuits
of the first negatively driven stages where the long positive overshoot
would cause grid current.
The time constants in the early stages are made long. The problem
Cllrrent
is
disregarded
in
the
first
positively driven stage (the maxiof grid
mum possible signal is still so small that any overshoot procluced by grid
current will be made negligible by the short time constants following).
The following stage, however, although negatively driven, will be driven
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iuto grid current, by the long overshoot,.
Since this would produce an
extremely long partilysis of the amplifier, a short time constant is used
for coupling at this point.
The following stage will be driven into grid
current by the signal, hence the grid resistor is held to the same order of
magnitude
condenser
of

the

as the plate
is made

overshoot

resistor

as large
produced

to prevent

as possible
here

to

a long
(0.01

recovery.

,uf) to reduce

a minimum.

At

the

The
the

coupling
amplitude

ol~tput

of

this

stage, the long overshoot has been amplified to a level ~vhere it is again
troublesome, and another short time constant is inserted.
The time constant, of the coupling into the multivibrator is long, but the grid resistor is
kept low because of the requirements of the multi~ribratorj which is a
straightfor!vard circuit.
Ml decollpling-circl~it time constants are large;
thus there are only two short time constants in the circuit.
The layout of this amplifier presents a peculiar problem because the
space requirements did not permit the use of a narrow strip.
The layout as sho~vn in Fig. 1931 solved the problem.
Figure 19.31b is a photograph of the layout, and Fig. 19.31a is a
diagram sho~ving the pin numbers of the tubes and numbering them for
identification.
Fig~we 19.31c shon-s the top of the chassis and the
The functions of the tubes, as numbered
3000-Mc/sec
crystal holder.
in Fig. 19.31a, are as follows:
Triodes V,a and Vla are the first two stages of amplification in the
3000 -Mc/sec band channel, the input lead coming in from the crystal
holder, which is on top of the chassis and located at the center of the
group of tubes-Vi,
V,j ?7,, and J’, as shown in Fig. 19.31c. The
connection to the holder is obscured in Fig. 19.31 b by the parts covering
it, but the input coupling condenser can be seen running beside tube VI
next to the large decoupling condenser.
Triode Vlh is the input stage for the 10,000-Mc/sec
channel.
The
crystal holder for this channel is not mounted in the chassis but on the
A small length of cable is used between the holder and the
antenna.
connector on the front panel in front of tube VI.
The two channels are mixed at the plate of V~c, and the following
four stages of amplification are triodes ~zh, ~~a, VW, and V,..
Beam
power tube VSCand triode ~~hform the multivibrator, with tube V,a being
the normally conducting tube; tube V,h is the driver; and tube V,, both
halves connected in parallel, is the cathode follower.
The input and high level amplifier stages are at opposite corners of
the amplifier.
Although the output stage is adjacent to the input, the
feedback loop is broken by the normally nonconducting
half of the
multivibrator.
Therefore there will be no transmission around the loop,
except immediately after a signal, when the recovery time of the multiThe stray feedback
is
vibrator prevents continuous
ring-around.
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reduced still more by the 0.05-Wf decoupling condensers visible in Fig.
19.31b which act as interstage shields, since they are at ground potential
for pulses. To prevent excessive temperature rise resulting from the
large heater power (11.2 watts) required by the 28D7 tubes, good ventilation must be provided.
In the receiver the temperature rise at some
points on the chassis would be as much as 90°C in the absence of cooling.
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Zntro&~ction.—The superregenerative
principle has been known
since the early 1920’s when it ~vas described by E. H. Armstrong. 1
Radio amateurs have made wide use of superregenerative receivers in the
intervening years.
I)uring the war the emphasis that was placed on
light~veight portable equipment of small cost led to a study of the superregenerative principle, and some netv techniqum \vereevolved.
The limit of gain in an ordinary regenerative amplifier is reached when
positive feedback is increased to a point \vherethe tube oscillates.
Superregeneration extends operation into the region of oscillation by allowing
the circuit to oscillate for only a fraction of the time. This extension
greatly increases the gain over ordinary regenerative amplifiers.
Voltage gains of over a million have been secured from a one-tube superregenerative
circuit.
‘l’he circuit may be used as an extremely sensitive
—
tuned detector or as a high-gain r-f amplifier.
20.1. Advantages and Disadvantages.-The
merits of the superregenerativc circuit are (1) simplicity, (2) high gain from a single tube,
(3) light ~veight, (4) 101vcost, and (5) ease of combining transmitting and
receiving functions.
The advantages of simplicity and light weight become increasingly
important at frequencies above 100 Me/see, as other types of receivers
(TRF, superheterodyne) tend to become more complicated at these higher
frequencies.
The feature of light ~vcight has led to extensive use of
superregenerative
receivers for airborne and ground-transportable
radar beacons.
In several beacon applications a single tube has served
the double function of reception and transmission.
There are several undesirable characteristics that are inherent with
superregenerative receivers. These are (1) gain instability, (2) poor
selectivity, (3) reradiation, and (4) high noise level. Fortunately, the
majority of these undesirable features can be suppressed to a point where
the over-all performance is satisfactory for a great many applications.
The maintenance of proper sensitivity is not a serious problem for
applications where the receiver is supervised, because the opera,tor can
1 F.d\vin

Proc. IRE,

H. Armstrong,
“ Some l{(wxrit
10, 244, .kugust 1922,
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Automatic systems, suchas
regulnte the receiver with manual controls.
r:~dar beacons, wkich must operate reliably without attendtince, prment a
problem in gain stability.
This is particularly true for pulse-reception
receivers, since such receivers operate in the linear mode which is critica,l
inadjustrnent.
This proMemis solved bythe incorporation of automatic
oain stabilization circuits.
The poor selectivity of the superregenerative receiver can cause considerable difficulty if acti~’e r-f channels are close together in frequency.
Fortunately, in the frequency ranges ]vhere superregenerative receivers
become practical, r-f chwmels are fairly well separated, and there is
little diffimllty from intcrfcrencc,
Rcradifiticm becomes a problem only
~vhcntwoo rmoresetsa rclocatedc losetogether
(within lmile).
The noise lee! will be higher
Lu
than that of a ~vell-designed superheterodyneremiver,
butforrnany
applications the advantages of light
weight, simplicity, etc., will outweigh this disadvantage.
20.2. Theory of Operation.—
The super-regenerative principle can
be applied toany type of oscillator
by the use of the same basic theory.
.+
The tubes usually employed are
~IG. 20 l.—~,rcuit
0[ SuucrrcgclleratiYe
the small low-power high-frequency
dc.tectl>r.
triodes.
In the region of 3000 to
oscillators or low-power magnetrons
ma-y I>cused Ivith some sacrifice in sensitivity.
,k simple supcrrcgencratire
detector for communications
work is
shown in Fig. 201. In this circuit,, positive feedback is secured by
couplin~ the platr back to the grid through the coil T. The amount of
feedback is controlled by the orientation of this coil with respect to L.
The grid circ~lit has a negative bias supply in series with a sine-Jvave
quench oscillator QFO so that, the circuit is plared in an oscillating condition on each positive pezk of the quench voltage.
on each negative
s~ring of quench voltage the tube is cut off. The frequency of the quench
oscillator is \vcll above the audio range so that it will not interfere !vith
the modulation frcqurncics.
The plate circuit will hare pulses of current occ~lrrin~ at the quench frequency and producing a certain average
plate current Irhm no signals arc present. IVhen signals are present,
the areas under the cn~elopes of the individual bursts of oscillation
increase, the amount of increase being dependent l]pon the signal amplitude. By this fiction the overage plate current varies in amplitude at
an audio rate that represents the demodulation of the received carrier.
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The phones are bypassed for the quench frequency and respond to the
audio rate of change in plate current.
20.3. Growth and Modes of Oscillation.—The fundamental action in
a superregenerative circuit is centered around the growth of oscillations
in an oscillator.
To study the characteristics of this growth, a rectangular quench voltage will be assumed.
The variation in grid voltage is shown in Fig. 202a.
Between positive
pulses, the grid is at the negative potential – Ii which biases the tube
During the positive pulses the grid
beyond E.., the cutoff voltage.
potential is raised to a point where the circuit oscillates as indicated by
projection into the shaded oscillation region. Thus oscillations grow
during the A periods and decay during the B periods.
There are two modes of operation defined for superregeneration.
They are linear mode (Fig. 202b) and logarithmic mode (Fig. 202c).
Oscdlatlon
reglon

,.
Quench voltage
I:lG.

(c)

(b)

(a)
20.2,—Quench

Modes of oscillation
>.oltage

and

relation

I~IG. 20.3.—Equivalent
cirfor
cuit
superregencrativc
tank circuit.

to

modes of mcihtion.

The linear mode results when the positive quench period A is so short
that the oscillations do not have time to build to full saturation amplitude.
The logarithmic mode occurs when the A period is sufficiently long to
allow oscillations to build to full amplitude before the end of the A period.
It is not essential that the quench voltage be applied to the grid
circuit as the on-oscillation off-decay cycle can also be obtained by applyHowever, plate
ing a suitable quench voltage to the cathode or plate.
and grid quenching are more common than cathode quenching.
In constructing an equivalent circuit for an oscillator, the feedback
With this concept, the
can be represented as a negative resistance.
tank circuit of the superregenemtive receiver becomes the circuit shown
in Fig. 20.3 ~vhere R is the physical loss resistance, R. the negative
resistance representing feedback, and the switch S represents the action
Switch S is open during the A periods and closed
of the quench voltage.
during the B periods,
The general equation for the circuit is
L$+RTi+~
/

idt=O,

(1)
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This equation may be solved for

where RT is the net tank resistance.
e., the voltage across the condenser;

!

ec = kc–at cos (tit + o),
where
R.

R;
1
Cc
4L2
J
‘-

~=

a=E’

For the types of circuits to be considered l/LC >> R~/4L2, and it will
be assumed that u = m = l/v’LC.
When there are no externally applied signals, noise voltage is the only
source of voltage when period A begins. Then for the no-signal condition, where 1’. is the noise voltage appearing across the condenser at
the instant L’$ is opened,
I

R ,C
e,

=

T’me

2L

cos mol.

(3)

Since the circuit oscillates, R. is larger than R; the net tank resistance
R~ is negati~e, and the envelope of the oscillations is

This equation’ indicates that oscillations will increase continuously
with time if the net tank resistance remains negati~-e. However, the
negati~-e portion of the tank resistance R. is dependent upon two factors:
(1) the percentage of feedback and (2) the amplification of the circuit.
.ls oscillation starts, the operating point for the grid is in the negative
region, and the amplification will be practically con~t:~nt Ilntil the oscillations drive the grid either positive or beyond cutoff
Amplification will diminish as the grid is ch-i~-cmpositive or beyond
cutoff, and the magnitude of R. ~~ill decrease. .i~ the oscillations continue to gro~~, R. ccntinues to decrease until Rm.= R and the so-called
condition
exists.
“ saturation” oscillation
20.4. Gain in the Logarithmic Mode.—The
growth of oscillations
under no-signal conditions is shol~n in Fig. 20.4, ~vhere T“,, is the noise
~-oltage present at the start of oscillations :111(1~.,., is the saturation
Since at f = O, e~’r ‘L ~ = 1, the owill:itions start with an
amplitude.
amplitude ~-n. Since noise is random in amplitude, the area under the
This
oscillation envelopes varie> from pulse to pulse in a random manner.
results in a modulation of pl:ote current th:at r:auses a rushing sound in
the phones,
This rushing sound i< a criterion for superregeneratiye
action in a communication rrcei~-er and is often used :~s a rough check
in adjusting a recpiler.
l~hen signal, are receil-ed, the bursts of oscillation become regular and the noise di.xappeus,
1From this point on, RT is (Iefine(ias tllc :Il)wlut? Yaiue of (f? — R,,’I. Thus the
SIg II of

the exponent

wII1 shot~- tllrcctly

lvhet her 3’ function

is e\prindirlg or drc:iying.

I
1
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If a signal voltage V, is present, the voltage on the condenser at the
start of the oscillations will be V, + V. and Eq. (4) becomes
(5)
The envelope for oscillations with a signal present is the upper curve
of Fig. 20”4. Oscillation has started at V, volts higher than V., and
saturation amplitude is reached
ta sec (time of advance) sooner
than when only the noise voltage
was present.
By referring to Fig. 204 the
change in area with signal voltage
can be calculated for the logarithmic mode.
Since the growth of
oscillations will follow the same
law on each cycle, the time for
FIG. 204.-Growth
and decay
of oscillations
oscillations to grow from some
for the logarithmic
mode.
fixed amplitude to 11~,. will always
be the same. Specifically, the time required for growth from the V. + V,
voltage level to ~~,x is the same for both curves and is represented by T~.
Consider first the difference in areas above the level V. + V,. Since
the upper curve started from (V. + V,) at a time t. sec before the lower
curve, it reached -II,... earlier by fa sec and enclosed the additional area
t.(E_
– V. – V,) represented by the large shaded area AA 1. Below
the voltage level V. + V,, it is evident that the additional area is represented by the small shaded section AA z.
For convenience (V. + V,) will be replaced by V,, and V. by V,.
The time of advance t.is obtained by solving
Vz = VlecRT12L)’”,

(6)

giving
(7)
Figure 20”4 has been drawn out of scale to show the effect of initial
Ordinarily Em. is measured in
condi~ions on the growth of oscillations.
Since the voltage
volts, whereas signals are of the order of microvolt.
rise being considered in Eq. (6) is only a small fraction (about 1/10,000)
of the total rise to 11~., R, can be considered constant and Eq. (7) is
valid over the entire range of signal voltages encountered in ordinary
receptions.
The increase in area above Vj becomes
2L in ‘.v,
AA, = ta(ll,.,. – V,) = (Em.. – V2) ~,

(8)
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The area AA, below Vz is approximately half of the rectangle LV,,
Since theentire rectangle hasan area of about l/lOjOOOof AAl, the error
will be negligible if the entire change in area is considered to be Z3n,,,to.
Then
(9) ‘
Since the decay of oscillations in the logarithmic mode is always from
the same level (Em,,) and starts at a time determined only by the quench
voltage, the area under the decaying portion of the cycle is constant.
Thus Eq. (9) gives the entire change in area per quench cycle.
The
change in average voltage of the detected output, assuming linear detection, is
(lo)
where jg is the quench frequency in cycles per second.
This equation indicates the tremendous gain obtainable by superregeneration.
The factor j,E_, (2.L/RT) is of the order of volts, and
in (V,\ V,) is a factor dependent on voltage ratios and not absolute
amplitudes.
For example, if a signal is received of amplitude equal to
V., then the increase in output over no signal will be
(11)
This can easily mean a gain of a million, since noise voltage V. is only a
few microvolt.
20.6. Output Characteristics for the Logarithmic Mode.—Since
for
any particular circuit the quantity fqE~a,(2L/R~) is a constant, a plot
of detector output I-s. signal ratio
for linear detection becomes the
logarithmic curve of V2/ L’l shown
in Fig. 20.5. The flattening of
this curve with increase in signal
ratio shows that the logarithmic
mode
has a limiting action similar
o &
12345–6789101112
to A\TC. This is borne out in
practice by a marked reduction in
Signal ratio *
interference from noise impulses
0 10 20 30 40 50 60 70 8090
(such as ignition noise) that are
% modulation
many times stronger than the
of linear
detector
outPIG.20.5.—Variation
put for logaritk)mir
mode.
signal. This curvature also explains the disappearance of the rushing noise when signals are received.
The slight addition of J’n to a moderately large signal voltage produces a
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negligible addition in the mltplltj since the effert cm the voltage ratio is
small.
The curve of detector output vs. percentage modulation is fairly
linear up to about 60 per cent modulation but shows a “ volume expansion’~ characteristic above 60 pcr cent which grows rapidly worse as
the modulation approaches 100 pm cent. l’hus the logarithmic mode is
Deep peaks of modulation in
not suitable for bro:ulc:lst reception.
voice or music prod~lcc violrnt volllrnc changes.
20.6. Determination of Maximum Usable Quench Frequency.—It is
e-violent that maximum gain will be obtained when the quantity

is a maximum.
Assume first th~t E,,,a.(2L/R,) has already been established and that the maxim~[m usahlc quench frmplency is to be determined.
The optimum A period (Fig.
.— ‘t
202) for the logarithmic mode ~vould
E
T
be one just long enough for the
‘M’X
I
‘ax e
‘Q
oscillations to reach 17,,,,xfrom the
A Emax
weakest sign al, sin cc extending
&
y-5tisec+
the period of oscillation at full amplitude gains nothing in detected output. .4ssume that a 100-hlc/sec
A
in the
l’1~. !20.G.--Dcr:~]Or oscillation
receiver, operating in the logarithmic
logarithmic
mode.
mode, has a growth time of 5 psec
for the weakest signal to be received.
This will establish the minimLlm
usable A period as 5 Psec as indicated in Fig. 20.6. At the end of the A
period oscillations decay exponentially, the equation for voltage being
(12)

where t is measured from the start of the B period.
Since the tube is cut off (equivalent to a closed switch in Fig. 20.3)
the Q in Eq. (12) is for the tank circuit alone (no feedback).
The B period must be sufficiently long so that the amplitude of the
oscillation envelope AE= remaining at the end of the period is less than
the amplitude of the received signal, or the circuit will operate on its
own signals to the exclusion of received signals.
If a Q of 100 is assumed
at 100 Me/see, the time constant will be 2Q/a = 0.315 psec. Table
20.1 lists the relation between AEmx and the duration of the B period for
the range that will be of interest.
Thus a duration of 3.15 psec (10 time
constants) for the B period will reduce the envelope to 0.00005 E_. for
this hypothetical 100-Mc/sec receiver.
The total period is 8.15 ~sec,
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‘rABLE20.1.—RELATION
EIBTWEEN
Ah’-, ANDDURATIIJN
IJFB PEH101)
Duration

of B

in time constants
5
6
7
8
9
10

AEr,,,x

“&,na=
0.00670
0 00250
0 00090
0,00040
0.00010
0 00005

or j. is roughly 123 kc/see.
By this method a quench cycle can be
selected for maximum sensitivity under given conditions of E~a, and
2L/RT.
20.7. Considerations for Maximum Gain.—To secure the optimum
condition, all three factors Em,., 2L/R,j and jq must be considered simultaneously.
If j, is maintained at the maximum usable frequency as the
factor 2L/R. is increased, considerations are as follolvs:
1. As the factor is increased, the rate of growth will be decreased, the
.4 period lengthened, and j. decreased.
2. If the rate of growth is reduced too much, oscillation will be
unstable.
3. R, can be reduced by reducing the Q of the tank and by reducing
of Q will
feedback,
since R, = I– R. + RI. (a) Reduction
accelerate decay and reduce the required length of the B period.
(b) Reduction of feedback will not affect the rate of decay.
4. L can be increased at low frequencies, but it may be impossible at
high frequencies.
5. There will be some reduction in E~,, as the factor is increased.
6. IfjQ is reduced too much as a result of increased 2L/R~, trouble may
be encountered in separatingjg from the modulation frequency.
20.8. Sinusoidal Quench Voltages.—Up to this point a rectangular
quench voltage has been assumed.
Since most circuits employ sinusoidal
quench voltages, the foregoing analysis must be reexamined to determine
whether or not a change to a sinusoidal quench voltage will materially
affect the final results. Furthermore, selectivity and the factors that
determine it must be investigated before final conclusions can be drawn
regarding the design of a superregenerative circuit.
When the grid voltage varies sinusoidally, the net tank resistance HT
varies with time between the limits of R and R – IL ~,.. For the usual
triode (not remote cutoff) jLincreases rapidly as the grid voltage is raised
The general
above cutoff and then remains practically constant.
characteristic will be similar to the P vs. e, plot of Fig. 20.7a. Figure
20 .7bshows the variation in the net tank resistance R T with sine-wave
quench.
As the quench voltage e, crosses cutoff, the net tank resistance
I
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decreases from R at a to O at b on to the maximum negative value R – R.
at c. From atob the net tank resistance isstill positive, oscillation does
not occur, and the system operates as an ordinary regenerative circuit.
.4s R, crosses zero, oscillation starts and the superregenerative cycle
llegins,
With rectangular quench the shape of the envelope of oscillations is
given by
~C= JTC(RT/2L)f
(204)
where R~ is assumed constant.

The slope of the curve is given by
(13)

gives an initial dope of V(Rr/21.).
\Vith the ~-ariation of R, shoum in Fig. 20.7b, R~ is zero at b,(t= O)
In the interval bc the value of RT is increasthe initial dope is zero.

ivhich

:~nd

1

(b)

(a)
l’{,;.

4

’20 7. —Y:Lriatiork
Wit]l

l!L II,t tar,k
{, LINl(, h YO]t:LxC.

lmi.tzLllu

%F~a

! ta

for rectangular quench
for sinusoidal quench

l:IC;, 2U.8.—C0nLpalison
of
lutlo,,g,o.wtl, with rectangular
5L,lllsoiciai quench
voltages.

Osciland

ing ncgxtirely, and the (x)ndition of RT ass~lmed for the rectangular case
is not reached ~mtil c.
I~igure 208 sholts z comparison Ix>tl}ccn grolvth of oscillations with a
rcct:mg~ilar qllench voltage anll a sin[widtil qllench voltage,
Both
start from the initial voltage Vl, hilt the sine-]vave-quenched curve
starts ]rith zero slope and al\vays rcrnains belo\v the curve for rectangular q~lench. ,kssoonasIi’T
= In – I{ ~,,i,,~,(point cof Fig. 207), thet\v(J
curves are parallel, since the exponent of c is identical for both curves.
The time required for the lo~~er curve (sine-wave quench) to reach a
higllcr voltage (T’z) is greater than for the upper curve (rectangular
quench), so the time of advance ta is gre~ter for the sine-wave quench,
and the gain, other things being e(lual, is greater for sine-wave quench
than for rectan~ular cplcnch. Since the quench voltage enters the oscill:~tion region ol]liq~lely (~vitb sine-)~ave qllench), the presence of a signal
adding to the q(lench voltage will ca~we oscillation to start earlier. The
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amount of this advance in the start of oscillations will increase with signal
strength and add to the over-all gain. On the decay cycle, as R? recedes
from R –R~_,
toR (jtogto
h, Fig. 20.7), maximum rate of decay will
not be attained until point his reached where RT = R. From this point
on, the law for decay will be the same as that for the rectangular quench.
The results of the change to sine-wave quench may be summarized
as follows:
1. The shape of the R, variation has changed from a rectangle to a
trapezoid, the slope of the sides being dependent upon the slope of
the sine wave as it crosses cutoff.
2. The cycle now includes a period of regenerative operation.
3. The gain has been increased, but so has the minimum usable quench
period.
4. The general law for gain, in the logarithmic mode, is essentially
unaltered.
In selecting the quench frequency for optimum gain unequal A and B
periods were indicated,
Figure 209 illustrates how the periods can be
altered by changing the bias and
amplitude of the quench roltage.
Bias
20.9.
Selectivity .-Since
the
bandwidth of the superregenerative receiver is determined by the
response curve of a single tuned
circuit and not by a series of
cascaded tuned circuits, the selectivity cannot be made so grmt as
that of a TRF or supcrheterodyne
F1~. 20.9.—C0ntr0lof A and B periocfs hy
bias and quench
amplitude.
receiver.
Since the application of
superregeneration
is
usll:~lly
ot
the higher frequencies (where other
svstems tend to become more complicated), interference problems are
Renerally not serious.
In the preceding section it !vas noted that the circuit passed through a
regenerative period before reaching the superrcgcxmrative condition of
oscillation.
This regenerative period improves the, selectivity over the
selectivity that ]vould be attained by the tank circuit alone, since feedback reduces li’~ and increases Q’. (Q’ refers to the oscillator tank
circuit \vith feedback present, Q’ = &/RT.)
If the circuit is brought suddenly into the oscillating condition (rectangular quench), it is logical to assume that the initial voltage at the
start of oscillations is a voltage determined by the rcsporrse curve of the
On the other hand, if the circuit is slowly brought into osciltank alone.
lation, there will be a progressive mrpliticat ion during the regenerative

SEC. 209]

,’3ELECTIV1TJ’

555

period, Q’ will be increasing, and there will be a progressive increase in
the input selectivity up to the point of oscillation.
This indicates that a
low-frequency sine-wave quench will extend the period of regeneration
and improve selectivity, particularly if thetube isso biased that the slope
of the quench voltage is small throughout the regenerative period.
The amplitude modulation of oscillations (rise and decay) produces
These new frequencies can be
sidebands of the resonant frequency.
determined by analyzing the envelope of the oscillations, since the
J ,
\
sidebands will consist of the resonant
frequency plus and minus the fre- ~
~
quency components of the envelope.
~
‘
Figure 20”10 shows the line spectrum
~
of a succession of pulses at a recur.=
rence frequency jq. This spectrum
&
approximates the d stribution of fre-k
I ~J~
J—
quencies encountered in the super“
spectrum
of a series of
FIG.20.10.—Line
regenerative receiver because it is for
pulsesat a rerur~ence
frequencyf,,.
pulses having an exponential rise and
decay.
It is noted that only the discrete frequencies ~,, 2~q, 3.f,,
. ,
nfq are produced, the amplitude of the individual lines of the spectrum
decreasing as the order of the harmonic of j, increases.
If the superregenerative tube is operating as an amplifier (no detection), the sidebands have little or no effect on the selectivity, since beat
frequencies (between the sidebands and incoming signals) fall far outside
the response curve for the tank. If, however, the superregenerative
tube performs detection, the frequencies spaced at f., 2j,, etc., can beat
with incoming signals to produce
frequencies that fall within the
range of the circuits following the
detector.
A signal off resonance
by nf, will beat with the corresponding frequency in the spectrum
‘k
to produce a sum or difference freFrequency _
f.
quency that is passed.
Thus, the
1’Ic,. 2011. -%lultipler
eso,Ia,lrccurve.
circuit exhibits multiple resonance,
This multiple resonance effect
haying resonance points at intervals of j,.
was pointed out by H. Ataka. 1 He suggested using multiple resonance
as a means for accurately calibrating a wavemeter.
The general shape of a multiple resonance curve is shown in Fig.
20.11.
The amplitude of the individual resonance points will depend
1Hikosaburo Ataka, “On Superregenerationof an Ultra-short-waveReceiver,”
P70C.IRE, 23, 851, August 1935.
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upon the Q of the circuit, the conversion gain, and the amplitude of the
particularf requency (nf,) in the spectrum.
As the quench frequency is reduced, the frequency separation between
the lines in the spectrum is decreased and any particular harmonic differs
from the center frequency by a smaller amount.
If, for example, the
bandwidth of a tank circuit is 1 Me/see, the tenth harmonic of a 50-kc/sec
quench frequency falls at the half-power point whereas it would require
the twentieth harmonic of a 25-kc/see quench to reach the same point.
Thus, a low-frequency quench will reduce the effect of multiple resonance
and improve selectivity.
A general rule for preventing multiple resonance difficulties is to maintain a ratio of at least 100 between the radio
Figure 20.12 shows the relationfrequency and the quench frequency.
ship b e t w e e n selectivity
and
quench
frequency.
The data
quench
Sine-wave
frequencies
plotted is obtained
from
a
————
.——
——
~~:kc/sec
D 20
30-Nfc/sec
superregenerative
reD
T
.s40 ——— —,,Ii
~~
-‘ceiver having a tank circuit with
c
-9
\
a Q of 100. A reduction in quench
60 -–—f
—\———
/- /
:
frequency from 50 to 8 kc/see has
\\T— _
//
—
~80
——F
reduced the bandwidth (at 20 db)
<
100k
‘
by a factor of 3. It is to be noted
2.0
1.0
2.0
1.0
0
even at a 50-kc/sec quench
that
Me/see off tune
FIG. 20.12.-—SelecLivity
of a 30-Jlcjscc, frequency the bandwidth (about
receiver.
1 LIc/see) is much narrower than
for a simple tuned circuit with
a Q of 100, which would have a bandwidth over 3 Me/see wide at
20 db down. The selectivity of a superregenerative receiver then can
be made much better than a simple tuned circuit.
Comparative tests
have shown that a properly designed superregenerative circuit has considerably better selectivity than the best regenerative receiver.
20.10. Noise.—In an ordinary TRF receiver (assuming linear detection), the noise’ that appears in the output is determined by the bandwidth
of the output circuits.
If, for example, the detector output pass band is
restricted to 5 kc/see, the noise appearing in the output will be from only
those noise components which were present in a 10-kc/sec band of the
tuned r-f input circuit even though the r-f circuit has a bandwidth many
times wider.
In the case of a superregenerative circuit the noise in the output is
from an r-f band considerably wider than twice the output bandwidth.
An examination of the detected output with increasing modulation frequent y will show how this is true. The variation in detector “output
1 Much
Corp.

of the material

Report

No.

1506W.

for this section

was derived

from

Hazeltine

Electronics
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frequency as the modulation frequency is increased is shown in Fig.
20.13. This figure is based on a detector output pass band wider than f,/2.
The superregenerative process consists of sampling the r-f voltage in
the tank circuit once each quench cycle and producing an envelope of
If the modulation frequency f~ is low
oscillations for each sampling.
compared with the quench frequency ~g, there will be many samplings per
modulation cycle and the average voltage of the detector output will
vary in synchronism with the modulation,
As the modulation frequency
is increased, the number of samplings per modulation cycle de~ ~ ~
-----------------creases; and when j- is greater
~ ~ --zJ-_
than ~fq, the rise and fall of voltage in the tank as viewed by the
~- ~
$$q
o
sampling is at a frequency less
frequency m terms of ~
Modulation
As a matter of fact the
than ~j,.
I?IG.20.13.—Detectoroutputwitl~increasing
frequency in the detected output
modulationfrequency.
will be the difference between fo
and j~. As f~ increases toward ~~, the frequency in the detected output
decreases as the difference between f. and j~ becomes less and less, until
at fm = f. samplings occur once each modulation cycle and always at
the same point on each modulation cycle, so the detector output frequency
is zero.
As indicated in Fig. 20.13, this process continues as fm increases,
having maximum detector output frequency of ~f, when j~ is +j,, ~j,, etc.
This process will continue on out until the sidebands of the modulation
frequencies are eliminated by the response of the r-f tuned circuit.
Thus it is found that all modulation frequencies (including noise) which
can appear in the pass band of the r-f tank circuit will be present in the
output in a band of frequencies from O to ~~g.
Consider now that the pass band of the detector is reduced to &j,
as indicated by the line on Fig. 20.13.
The noise in the output will be
the sum of the shaded contributions at f~ = O, j- = f,, etc., and not
just the one contribution at O as with an ordinary r-f amplifier.
The fact that the noise is considerably higher for superregenerative
receivers than for other conventional types such as TRF and superheterodyne must be taken into account when considering the application of
It is to be noted that the most effective
superregenerative receivers.
means for reducing noise in superregenerative circuits is reduction of the
r-f bandwidth and not the output bandwidth.
There is some evidence
that tube noises, particularly shot effect, are increased by the intermittent
tube operation associated with the superregenerative action.
20.11. Reradiation.-A
superregenerative circuit must, of necessity,
radiate energy if the tank circuit is coupled directly to the antenna.
The
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band of energy is broad because of the wide selectivity curve and may
cause interference in near-by receivers operating on adjacent channels.
The amount of reradiated energy can be reduced by decreasing the coupling to the antenna, but this reduces the sensitivity.
A better method is
to reduce the amplitude of Iik,, since this has little effect on the ultimate
sensitivity.
The gain of the superregenerati~’e circuit is reduced, but
this can be restored by increasing the amount of video gain. More
elaborate schemes are
1. Insert an r-f amplifier between the antenna and the superregenerative circuit.
With present tubes and techniques, this is practical
up to frequencies of about 1000 Me/see.
2, Convert the signal frequency to a lower frequency by superheterodyne methods, and operate the superregenerative circuit at the
intermediate frequency.
20.12. Conclusions Regarding Logarithmic-mode
Superregenerative
Receivers.—It
has been pointed out that maximum gain is attained
The maximum usable value of j.
when j, E_.(2L/R~)
is a maximum.
is determined by the sum of the A and B periods.
As Em_(2L/R,)
is
increased, the sum of the A and B periods increases and the maximum
usable quench frequency is reduced.
Selectivity is increased by reducing j. to accentuate the regenerative
Narrowing the r-f bandwidth
improves the signal-t o-noise
period.
ratio.
The first consideration in design is the maximizing of E~_(2L/R~).
Since the value of L is usually determined by other considerations and its
usable range is limited, attention is focused on reduction in RT. It can
be controlled by (1) the Q of the tank circuit and (2) the feedback.
The
Q of the tank circuit will be reduced as coupling to the antenna circuit is
This
increased and more impedance is reflected into the tank circuit.
while
imwoviw
provides a means for reducing Q [to increase &.(2 L/RT)l
the energy transfer from the antenna.
Consequently the Q of the tank should be made as high as possible,
and the operating Q adjusted to an optimum point by varying the antenna
coupling.
The final desired performance can be attained by regulating
(1) antenna coupling, (2) quench frequency, (3) quench-voltage amplitude, and (-l) grid bias.
Since these adjustments interact, the final settings will be arrived at
after some juggling.
If the antenna is coupled too tightly, the oscillator
will become unstable; but if feedback is increased by increasing the
quench voltage, it can again be stabilized.
In most communications
receivers the quench frequency is not
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adjusted to the maximum usable frequency, since the gain is ample and
selectivity is better at a lower quench frequency.
There is generally no necessity for automatic gain stabilization for
the sets operating in the logarithmic mode, since most systems are supervised. Gain control is usually accomplished either by a grid-bias control or by a quench-voltage amplitude control.
A separate detector is not essential for communications
receivers
provided the quench frequency is kept sufficiently low to avoid multiple
resonance effects.
In constructing a superregenerative receiver, it is important that good
uhf techniques be employed with particular emphasis on shielding and
r-f bypassing.
20.13. Self-quenching Circuits.—The superregenerative circuit may
be made to operate self-quenched by using a short-time-constant
RCcircuit in the grid.

--d
E PP

eu

R9

Ce

o

E co

e9

=

1,’1~. 20. 14.—Self-quenching

oscillator

(r-f

Ave. grid voltagd
components

omitted).

The fundamental circuit and resulting waveforms are shown in Fig,
20.14. Assume that the tube has started oscillating (point A).
The
positive swings drive the grid positive, cause grid-to-cathode conduction,
and charge the condenser Co. This causes the average grid voltage to
decrease as shown by the heavy line. As the grid voltage decreases, a
point is reached where oscillation cannot be sustained, and the oscillations die out leaving the grid at a negative voltage beyond E.e, the
cutoff voltage.
The condenser discharges through R,, and the grid
voltage rises to the ‘i start oscillations” potential, and the cycle is repeated.
The repetition frequency will depend on the time constant Z-?,C’, and can
be increased or decreased by changing the value of C, and R,.
With this
type of quench the oscillations always reach the same amplitude and
enclose the same area.
The presence of a signal voltage in the tank causes oscillations to
Once
start earlier, since the signal volt age adds to the rising bias voltage.
oscillations are started, the envelope of oscillations includes the same area
as for the case of no signals.
Consequently the repetition rate of these
bursts of oscillations increases with the amplitude of received signals, and
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the change in output, voltage is the result of this increased rate and not
of increased area per burst of oscillations.
It is also possible to use a single tube as a combined superregenerative
This is accomplished by
r-f oscillator and sine-wave-quench oscillator.
adding a suitable low-frequency tank circuit and feedback loop for the
quench frequency.
One circuit of this type is shown in Fig. 20.15. This
method of self-quenching is considered to be superior to the use of a
s,lort-time-constant grid circuit.
20-14. Linear Mode—General.
In applications of superregenerative circuits to pulse reception,
--most of the developmental work
was on linear-mode superregenera.
Many of the cirtive receivers.
cuits evolved were for operation
R-f input
at frequencies considerably higher
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20.15.—Combined
and

sinusoidal

superregeneration
quench-frequency

A
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FIG. 2016.-Growth
and decay
oscillations for the linear made.

of

than are encountered in ordinary communication work. Although this
discussion on linear-mode superregenerative receivers will be concerned
with high-frequency pulse reception circuits, the basic principles will apply
equally well to communication circuits.
Gain jor the Linear Mode.-Since
oscillations never reach saturation
in the linear mode, the amplitude of the envelope of oscillations varies
The growth and decay of oscilwith the strength of the received signal.
lations will follow the same exponential law as the logarithmic mode.
Figure 2016 shows the envelopes of linear-mode oscillations for two different signal amplitudes.
.4 rectangular quench voltage is assumedl and
the equations previously given for the logarithmic mode apply.
For an
initial voltage Vl, the voltage across the condenser becomes
e. = V1ecR~izL)~

(20.4)

for growth and
21
e, = El ~,a~e‘r.

(20.12)

LI.VEAR

SE(. 20.14]
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for decay, where RT = (fi – R.) as before and 1$’,mak
of the envelope as shown in Fig. 20.16.1
Thearea underth
egrowthcurve (A period) is
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Peak

Voltwe

To
.4. =

~,c@~jjLJ~dt = v,;<[e<H~’ZLJ’.

– 1]

/ o

(14)

and the peak voltage is
I?l...,

= Vie@’’2L)T”.

(15)

‘l’he area umier the ciecay cur\-e (1? period) becomes
A/j = vle(’’”l?r)~”

‘b

)
~;%-T.
2L

d

=

/ T.

~l$e(RT)2L)T”[l

–

e~L
‘R(T’-T”)I.

(16)

The total area under the envelope is
—

(~+2~eFeTo-&
)1.
2L

(17)

,Since the quantities \vithin the bracket are constants, the total area can
be \vritten as
.4 = V,(k, – k,).
(17a)
For a quench frequency,

the average linearly detected output is then
El = jqv,(kl

– r?,).

(18)

If the initial voltage is increased to VZ (Fig. 20.16), the oscillation
envelope starts at V2 and reaches the higher peak value E2 ~~~by the end
of the A period, and the average linearly detected output becomes
E, = V,j,(k,

–

k’),

(19)

and

Gain = II, – E,
v, – v,

= jq(k, – l“,).

(20)

For pulse reception the detector often has a sufficiently long time constant so that the peak value of the oscillation enveiope is obtained as an
output.
IThder these conditions the gain becomes
Gain = E2 ..,k — El Veak= e(Rr/2L)T..
V2 – v,

(21)

1 This derivation is based on the simplifying
assumption
that l?~ is constant.
Since the change in area under the oscillation envelope for the linear mode involves the
entire growth of oscillations, the error introduced by this simplification
is greater than
is the case for the logarithmic

mode.
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Although the quench frequency does not enter directly into the gain
formulaforpeak
detection,itmust
be sufficiently high sothatthedetector
output doesnot fall off too rnuchbetween pulses.
It is noted thatthequantitye(Rr/ZLJr.a
ppears as the important factor
in gain. Consequently, the condition for maximum gain involves a
large value of R,.
This is opposite to the conditions for maximum gam
in the logarithmic mode.
It is important, however, that the relation
between RT/2L and T. be such that the oscillations do not reach saturation amplitude.
If a receiver has been designed for linear-mode operation
(high quench frequency and large negative resistance), a transition into
the logarithmic mode by saturation oscillation leads to an extreme
reduction in gain from that point on.
20.15. Output Characteristics for the Linear Mode.—Since the output
voltage for linear detection is equal to the signal voltage times a constant fq(kl – A-,), the output is linear with
respect to signal voltage.
A plot of detector
!
%
~
output voltage vs. input signal voltage is shown
s
in Fig. 20.17.
Since the output voltage is linear
z
~
with respect to signal voltage, the linear mode
of operation does not produce the undesirable
E
k
“ volume expansion”
characteristic exhibited
Input
signalV ~
by the logarithmic mode.
Consequently, the
FIG. 2017. -Variaticm
of linear detector
output
for
circuit will respond properly to communication
linear mode.
signals with deep modulation.
Quench Frequency.—In order to secure proper linear-mode operation,
the quench frequency must be considerably higher than for the logarithmic mode.
A rapid growth (large l?,) and a high quench freauency
lead to maximum gain.
With the linear mode, the maximum usable quench frequency will
depend upon the strongest signal to be received and the decay time
constant 2Q/cO. It is essential that there be sufficient attenuation in the
B period to dispose satisfactorily of the preceding oscillations before the
next A period begins, or the output may not follow the modulation.
To
avoid the possibility of this difficulty, it is good design practice to allow a
factor of safety in the B period by providing a decay time longer than
would be indicated by calculations involving the maximum signal and
2Q/u.
Selectivity, as with the logarithmic mode, will be improved by
If the bias is such that the A
extending the period of regeneration.
period is produced by the positive tips of the sine-wave quench voltage,
use will be made of the reduced slope near the peak of the sine wave.
In this way the regenerative period can be lengthened for the high quench
frequencies employed in linear-mode receivers.
LTse of the sine-wave
tips for the A period will, of course, result in a longer B than A period,
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but this condition is generally required for linear-mode operation
anyway,
For pulse reception the tube is so biased that the oscillation envelope
The use of the reduced slope poris small under no-signal conditions.
tion of the sine-wave quench for the A period allows some time for the
signal to be amplified by regeneration, so that the signal voltage, added
to the rising quench voltage, can cause a greater advance in the starting
time of oscillations and produce a larger amplitude of oscillations.
The minimum usable quench frequency for pulse reception is determined by the duration of the shortest r-f pulse to be received and the
If, as in Fig. 20.18a, the period of
permissible “jitter”
in the output.
the quench is less than the duration of the r-f pulse, an output is assured
for every received pulse. On the other hand, if the period is longer than
the r-f pulse, as in ‘Fig. 20.18b, output is dependent upon the phase of
the quench voltage with respect to
the received r-f pulse.
Since this phase relation is enSuperregenerative
:
tirely random, the leading edge of
oscillations
the output pulse will vary from
pulse to pulse by approximately
(A)
(B)
FIG. 201S,-Effect
of quench frequency on
l/jQ and the output will consist of
pulse reception.

a group of overlapping
pulses.
Although it is true that the most forward pulse in the group starts at the
leading edge of the received pulse, this condition is not desirable, and
jitter should be held to the minimum, consistent with other design
considerations.
Although a high quench frequency is very desirable from the standpoint of jitter, there are other considerations that limit the maximum
quench frequency.
As the quench frequency is raised, the A period is
shortened, and oscillations must grow more rapidly if ample sensitivity
is to be attained.
This means that RT/21* must be increased by use of
either a higher Q tank or increased feedback.
The circuit becomes more
critical as the rate of growth is increased.
Slight changes in operating
conditions, such as voltages or loading, can cause the receiver to be
If the change in condiinsensitive, so that weak signals will be missed.
tions is in a direction to make the receiver more sensitive, saturation
oscillations may result. In beacon systems where the receiver output is
used to trigger a transmitter, false replies may be produced.
The
selection of a quench frequency for pulse reception becomes a compromise
Table 20.2 (page 571) gives the
among sensitivity, stability, and jitter.
operating frequency, pulse duration, and quench frequency for a number
of superregenerative pulse receivers.
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Detection. —Detection may be performed by the superregenerative
In applications where the outtube as in logarithmic-mode receivers.
put is used to trigger a transmitter and an automatic gain stabilization
circuit is not required, plate-circuit detection has proved very satisfactory.
The sudden increase in current engendered by the receipt of a
signal provides a negative pulse in the plate circuit that can be coupled
to the transmitter-triggering
circuit.
A separate detector is employed when automatic gain stabilization
is required and also ~vhen the output pulse is to be displayed on an
indicator.
The most common type of separate detector is shown in Fig. 20.19.
The coupling condenser C is small (usually a few micromicrofarads),
to
reduce the loading on the tank circuit and to provide a short-time-constant charge circuit.
The diode is a low-resistance path when its plate is
E ~~
el

o

e2

0

output
RFC

c

R

el

2 E oeak

e3

1
ez

L
1

Kxl
Tank circuit

;

e
‘3

~’m

FIG.20.19.—Separate
detectorfor superregenerative
ampllfier.
positive and so prevents the right-hand side of the condenser from going
positive.
Consequently, the positive excursions of the r-f oscillations
el charge C to the full positive peak value of voltage.
As the oscillations
leave their positive peaks, the plate of the diode is at a lower voltage than
its cathode, and any discharge must occur through the load resistor R.
Since the time constant RC is long compared with the period of the r-f
oscillations, there is a negligible discharge between positive peaks. The
voltage across the diode is shown by ez, and the average d-c voltage at the
plate of the diode is a negative voltage equal to the peak of the r-f wave.
The choke removes the radio frequency, and the average d-c voltage es
appears across the load resistor.
Once the r-f envelope has passed its
peak, the positive peaks of the r-f oscillations are smaller than the voltage
on the condenser and there is a continuous discharge through R. If the
discharge time constant RC is sufficiently short, the condenser will completely discharge between bursts of oscillations, as shown by the solid
line in es. Filtering can be accomplished by increasing the time constant,
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as shown by the broken line. If the discharge time constant is made too
long, a single output signal may be secured for two pulses that are close
together in time. It may also distort the trailing edge of the output pulse
to such an extent that it is difficult for the operator to distinguish between
different width pulses displayed on an indicator.
Sometimes a bias
voltage is placed in the cathode to prevent output from the small oscillations initiated by noise.
20.16. Automatic Gain Stabilization (AGS) Circuits.-The
maintenance of uniform sensitivity becomes a problem when superregenerative
In airborne installations the
receivers are operated without supervision.
problem is aggravated by the wide variation in operating conditions.
Consequently, AGS circuits are incorporated in practically all unsupervised airborne superregenerative receivers.
To video amplifiers
for regular output ,

Superreceiver

0-.
Quench
frequency
oscillator

D-c
ampllfier

AGS
diode
detector

FIG.20.20.—Blockdiagramof automaticgainstabmzation
The criterion for sensitivity in a linear-mode superregenerative
receiver is the amplitude of the noise-initiated oscillations which are
present under no-signal conditions.
The AGS circuit regulates the
amplitude of these oscillations by controlling either the bias or the
quench-voltage amplitude.
Figure 20.20 is a block diagram for a typical
AGS circuit.
Noise-initiated oscillations are detected by the r-f diode
and applied to the AGS amplifier.
The amplified pulses are detected,
filtered, and converted into a d-c grid voltage for the superregenerative
receiver tube.
Polarities are such that an increase in amplitude of the
noise pulses increases the grid bias on the sup~rregenerative tube and vice
versa. Quench voltage is applied to the grid through a condenser, so
that the d-c grid voltage is determined entirely by the AGS circuit.
The receiver-AGS portion of a 175-Mc/sec radar beacon is shown in
Fig. 2021.
Noise-initiated pulses of radio frequency occurring at a
300-kc/sec (j.) repetition rate are detected by the diode detector that
produces negative output pulses. These negative pulses are applied to
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the grid of the AGS amplifier through a short-time-constant
coupling
circuit.
The transformer in the plate of the AGS amplifier is tuned to
the quench frequency, 300 kc/see, by means of movable iron slugs in the
Since the pulses occur at 300 kc/see,
primary and secondary windings.
the amplification is greatly increased by this tuned circuit.
The AGS
diode produces a negative output across the 0.22-megohm load resistor.
The diode output is then filtered by the low-pass filter network (consisting of the O.10-megohm resistor and associated condensers) before

+

+
B-

$7k
+
BFIG. 2021. -l75-Mc/sec

superregenerative

receiver
circuits.

with

automatic

gain

stabilization

By applying
application between grid and cathode of the d-c amplifier.
the signal between grid and cathode, an amplified signal can be taken
from the cathode, which is at a more reasonable voltage level than the
plate.
(If the signal had been applied between grid and B –, the d-c
amplifier would be a cathode follower with a gain less than unity.)
With
this connection (often called “bootstrap”)
the AGS diode and associated
circuits move up and down with the level of the output and so must
be isolated from B –.
The 100-ppf condenser across the 22,000-ohm
cathode resistor provides additional filtering, so that the voltage applied
to the grid of the superregenerative receiver is practically pure direct
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current. The 100-ppf coupling condenser serves as a d-c block between
the 300-kc/sec quench oscillator and the grid of the 7193 receiver tube.
A change of 1 mv in the amplitude
The AGS circuit is very sensitive.
of the input pulses to the AGS amplifier will produce a change in AGS
output voltage of approximately 5 volts.
The time constants in the circuit are such that there is no tendency toward hunting.
The tuned circuit associated with the receiver tube also serves as the
tank circuit for the transmitter in the beacon.
When a beacon-interrogating pulse is received and the transmitter fires, large amplitude r-f
oscillations exist in the tank and are detected and applied to the AGS
amplifier circuit.
These transmitted pulses have a maximum duration
of approximately 20 psec; the recurrence rate (rate of interrogation) is
less than 500 cps. Accordingly,
under the maximum conditions, a
20-Psec transmitted pulse occurs every 2000 psec. For the other 1s)80
~sec between transmitted pulses, 600 noise pulses, spaced at intervals of
3+ Psec, occur.
Since there is only one transmitted pulse of large amplitude to 600 noise pulses, the effect on the AGS circuit is negligible.
In
addition, the short-time-constant coupling circuit in the grid of the AGS
amplifier differentiates the long pulse to reduce its duration.
20.17. Single-cycle Superregenerative Receivers.—The
single-cycle
receiver, as its name implies, has a single period of sensitivity instead of
recurrent sensitive periods.
The receiver is made sensitive by a pulse
from a control circuit and so will not respond to an r-f pulse unless it hiis
the proper time relation to this control pulse.
A single-cycle superregenerative receiver u-hich ,vas used in an airborne beacon is sho~vn in Fig. 20.22. The suprrregcmerative recei~er,
formed by Vj and its associated circuits, is tuned to a frequency of 200
Me/see.
Positive sensitizing pulses are secured from the multivibrator
circuit of Via-b.
V,a is normally conducting. ~1-bile1’,6 is normally cut off by the positive bias applied to its cathode from the \-oltage divider made up of the
470,000- and 27,000-ohm resistors. lVhen a control pulse is received, a
negative pulse (waveform a) is applied to the grid of Vi..
This cuts V,c
off, and an increase in voltlge appears at its plate. ‘l’his increase in
voltage elevates the grid of T’lb, causing it to conduct and driving its
plate negative as sho\vn by v-aveform b. The 50-WPf condenser couples
the change in plate voltage of ~’lb back to the grid of V,. and holds V,.
As soon as the condenser has discut off until the condenser discharges.
charged sufficiently to allo~v J’la to conduct, its plate voltage falls and
cuts off Vlb. The cycle occupies approximately 5 psec. Waveform b
is differentiated by the circuit, between the plate of Vl~ and ground.
A
portion of this differentiated waveform is secured at the arm of the
1000-ohm sensitivity control and is applied to the grid of V? as a sensitiz-
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ing pulse. Waveform cisthe voltage at the arm of the sensitivity control when no 200-Mc/sec signal is present to trip V2. Since this waveform does not go positive until approximately 4 psec after the start of the
waveform, there is this much delay between the leading edge of the controlpulse andsensitivity
in the 200-Mc/sec receiver.
The 39,000-ohm cathode resistor self-biases Vz so that its quiescent
gain isless than unity.
The sensitivity control is adjusted so that the
sensitizing pulses alone will not cause the circuit to oscillate.
If a 200Mc/sec signal of sufficient amplitude is in the tank, the tube will burst
into oscillation near the most positive point of the sensitizing pulse.
Reg.
+400 V + 240 v+400v

1

“.p.

Reg.
+240 v

y5y

1

p.!

C - sensitizing
10 k

pulse no

22 k
~-

~
FIG. 20.22 .—Single-cYcle

Sensitizing pulse
tripping

V’2

‘ ‘ Fil
superregcncrative

rereiver,

Once the circuit starts oscillating, it continues to oscillate until the
cathode voltage rises to a point ~vhere the gain is insufficient to sustain
oscillations.
After oscillation ceases, the O.O1-Pf cathode-bypass
condenser must discharge before the circuit can be tripped again.
The
voltage at the arm of the sensitivity control with the circuit tripping is
shown by waveform d. The negative swing during oscillation is due to
grid current.
The sudden increase in plate current, which occurs when
the circuit oscillates, develops the output voltage shown by waveform e.
Since the amplitude and duration of the oscillations is controlled by the
circuit and not by the level of the input 200-Mc/sec signal, the output
amplitude is the same for any signal strong enough to trip the circuit.
The amplitude of the sensitizing pulse must be such that it alone will
not cause oscillations; yet it must bring the circuit close to oscillation if
the receiver is to have proper sensitivity.
This means that circuit
conditions must be carefully controlled.
Since .4GS, as previously
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described, cannot be applied to this systcm, control is accomplished by
the use of well-regulated voltages.
The superregenerati~e circuit is in the form of a Colpitts oscillator
(lsinga capacity-shortened quarter-~vave line asa tuned circuit.
Figures
r“
0

“.

.-...-..
in.

. . . .. .

. .

,

,

,

8

d

FIG. 20.23.—Complete

beacon

incorporating

single-cycle

superregenerative

receiver.

20.23 and 20.24 show the general construction of the tuned line and
Tuning is accomplished by the inducarrangement of circuit elements.
tive disk. The entire beacon assembly (exclusive of antennas) is only
8 by 7 by 2% in.
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‘llc sensitivity of this recei~-rr is cq~ull to that of sine-wave-quench
supcrregenmativc
receivers operating at the same frequency.
The
features of simplicity and controlled time of sensitivity make this receiver
adaptable to many pulse reception applications.
1

FIG. 20 ‘24.–-

ExIJlmled

VICW

ofreceiver

20.18.
Actual Receivers.—Table
20.2 lists six receivers that were
employed in radar beacon systems,
Although there ~vere a great many
more types in use than the six listed, this group covers the frequencies
for which supcrrqgcnerative receivers were employed, and the circuitry is
fairly representative of allreceivers operating at these frequencies.
The
sensitivities are not the ultimate obtainable at the listed frequencies.
They were dictated by the specifications for the particular application.
Table 20.3 lists a group of experimental receivers that were con-
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strutted and tested to determine the characteristics of superregenerative
These were never utilized in any beacon
receivers at higher frequencies.
systems.
TAZLE202.-REPRESENTATIVE
RECEWERS
USEDIN BEACONSYSTEMS
.kpprox.

Sensi-

freq.,
iMc/sec

tivity,
watts

Tube
type

175

5 x 1O-J1

7193
triode

Lumped

200

5 x 10-’1

9002
triode

Line

700

2 x 10-11

Cavity

700

2 X 10-[1

6F4
triode
446B
triode

950

8 X 10-10

6F4
triode

Q.ench

Tuned
circuit

frequent y,
kc/see

LC

Duration
of received
pulses,

Circuit
diagram

+sec

300

9.0

Fig. 20.21

.50

Fig. 20.22

625

1.5

Fig, 2025

Cavity

1000

1.5

Fig. 2026

Cavity

900

1.2

Fig. 2025

Single cycle

TABLE 20.3, —17XPERIMENTAL RECEIVERS

Freq.,
MC /see

Sensitivity,

Tube
type

watts

Quench
f requcncy,
kc/see

Tuned
circuit

Circuit
diagram

I

650
1,000

3,000
3,000

x
x
x
x

~ x

10,000

* These

8
1
1
5

quench

10-13
10-12
10–10
10-10

446B triodc
4MB triode

10–10

frequencies

were

Cavity

1800 *

446B triode
707.k
vel. mod.

Cavity
Cavity
Cavity
Part of tube

4500’
3400 *
1000

Fig,
Fig,
Fig.
Not

20.30
20.30
2030
shown

723.4/13
vel. mod.

Cavity
Part of tube

1000

Rg.

2033

the

maximum

usable

frequencies,

The receiver shown in Fig. 20.25 was employed in a lightweight portable beacon.
The complete assembly including batteries weighed only
40 lb. The cavity was developed for this particular receiver and with
slight modification was usable at the two required operating frequencies
of approximately 700 and 950 Me/see.
Construction details of the
cavity are shown in Fig. 5.28. The cavity is essentially a short-circuited
section of coaxial line as far as radio frequency is concerned, and the
circuit can be represented as a Colpitts oscillator if the interelectrode
capacitances are taken into account.
The Q of the tuned circuit is
approximately 250.
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The quench oscillator is a Hartley circuit and delivers 25-volt
peak-to-peak quench voltage to the grid of the 6F4. The quench frequencies employed are 625 kc/see for the 700-Mc/sec receiver and 900
kc/see for the 950-Mc/sec receiver. Since the quench-voltage amplitude
is constant, sensitivity is adjusted by varying the cathode self-bias of
the6F4 receiver tube. Thepass bandofthe receiver is6Mc/sec.

Antenna.

‘iI

H

boll

--5-W

Grid

“::%’-=44=-

‘

H

~i!!!i%
u

FIG.

2027,-Construction

u

of

700-Mc/sec

~

Grid terminal

cavity.

It k of particular interest that the 6F4 triocle is used as both a receiver
and a transmitter.
The received r-f pulses produce positive output pulses
at the secondary of the transformer in the plate of the 6F4. These are
ampllfied and used to trigger a gas-tube modulator circuit which delivers
0.75-vsec voltage pulses back to the plate transformer.
In this way a
positive pulse of 600 volts lasting for 0.75 psec is applied to the plate of
the 6F4, which bursts into strong oscillation to produce the r-f reply
pulse.
The receiver shown in Fig. 20.26 was also used as a lightweight
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portable beacon.
The transmitter-receiver
section of the complete
beacon is shown in Fig. 20.29. The over-all weight including batteries
was 105 lb, and this model was superseded by the lighter-weight equipment of Fig. 20.25.
Itisnoted that thecircuit isverysimilar
tothatshown
in Fig. 20.25.
The GL446B (lighthouse tube) is grid-quenched by a l-iMc/sec sinusoidal quench voltage produced by an electron-coupled oscillator.
The
cathode followerbetween the quench oscillator and the GL446B provides
.1

..—.
FIG. 202S.-Cavity

..—

—

for 700-Mc/see beacon.

a low-impedance path for grid current while transmitting.
Sensitivity
This is
is controlled by regulating the amplitude of the quench voltage.
accomplished by varying the screen voltage of the quench oscillator.
The cavity oscillator uses grid straps for feedback as shown by the
sectional drawing of Fig. 20.27. The GL446B tube, grid straps, and
clamp are clearly visible in the photograph of the plunger assembly.
The tube is clamped into the plunger assembly which is then slid into
the chamber until proper contact is made with the plate cap. Plate and
grid bypass condensers are built into the cavity, mica being used as a
dielectric.
The d-c connection to the grid is made by a soldering lug and
The high-frequency cathode
conductor through an insulating bushing.
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connection ismade by contact betvmen the plunger and the shell. Since
the GL446B tube incorporates a built-in condenser between the shell and
the cathode, this connection does not provide a d-c path. The d-c
cathode connection is made to a pin in the base.
When a pulse is received, the modulator circuit supplies a 1.5-~sec
600-volt pulse to the plate of the GL446B which is added to the normal

.
FIG. 20.29.—Complete

700-Mc/sec beacon.

plate-supply voltage of 460 volts to produce the reply pulses. In order
that the tube should not develop an excessive cathode bias during transmission, the cathode-pulser tube (which is biased beyond cutoff during
reception) is made conductive by a simultaneous 1.5-Psec pulse. The
pass band of the receiver is 6 Me/see.
Figure 20.29 is a photograph of
the receiver.
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The receiver shown in Fig. 20.30 was I)uilt to investigate the operation
of the lighthouse tube (GL446B) in superregenerative circuits for wave-
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6AG5
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I

10 k

Video

superregenerative

receiver.

lengths of 10, 30, and 45 cm and to determine the highest possible quench
frequency at each wavelength.
Measurements of sensitivity were made
with c-w signals.

r

GL-446B

FIG. 2031.-Cavity

r

Grid cylinder

for 3000-NIc/sec

receiver.

The cavity shown in Fig. 20.31 was used for the 10-cm receiver.
Tuning was accomplished by moving the plate fingers on or off the plate
contact of the tube.
The plate choke was then moved into a position
where the tube oscillated.
The second cavity, consisting only of a grid-
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A crystal may be used in place of the
cathode cavity, is the detector,
lighthouse tube detector.
‘1’his method of detection (separate detector)
was used in preference to self-detection because it is better for removing
the quench frequency.

Tpo’y
screw

‘ho’p~~~’:ronzel
Input probe

/
Lplate contact
‘GL446EI
FIG. 2032.-Cavlty
for 650- to 1000 -Nlc/sec receiver.

Plate quenching \vas found to bc superior to grid quenching.
It
gave steadier operation and made possible the use of higher quench freBias for the superregenerative tube was secured by the
quencim.
combination of cathode self-bias
and grid bias from the AGS sysA
$$t:!g o————i~
_ Detected
tern. Although one stage of video
output

‘
-Eref~
and one cathodefollo\ver stage provided enough
~
gain to secure output signals of 25
+Er,,~
.= /- :;~:
volts, it was necessary to add the
two additional video stages to
secure sufficient noise amplificaR-f input
tion to operate the AGS circuit
~
properly.
~IG. 2033.-sctlematic diagram of exDcrimental10,000-.Mc~secmperregenerative
The AGS circuit operates in the
receiver.
manner previously described, one
half of the 6J6 serving as an AGS detector and the other as a d-c amplifier.
The variable 50,000-ohm resistor provides a means for adjusting the AGS
output lCVC1and thus the sensitivity.
‘1’hc cavity assembly for the 30- to 45-cm receiver is sho\vn in Fig.
2032.
It consists of t\vo coaxial cavities, one for the plate-grid line,
the other for the grid-cathode line. Capacitive feedback is secured by the
adjustable strap extending through the hole in the grid fingers to the
plate cavity.
The detector ca~rity is similar to the one used at 10 cm
except that it is larger in size. This receiver was tested without AGS.
Plate quenching and cathode biasing were employed.
amplification
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Sensitivity was measured by determining the minimum detectable
signal. This accounts for the apparent increased sensitivity of this
receiver over others listed in Table 20.2 where sensitivities were determined by pulsed signals tangential
Crystal detector
to the noise.
coaxial output
fitting
The maximum usable quench
frequency was determined by observing the quenching pattern at
3-cm rectangular
different quench frequencies.
It
waveguide
was possible to determine the point
of maximum quench frequency
ac r u ra t cl y as t he sensitivity
(lroppccl off rapidly aboI-e this fre(Illcnc,v. Q[lench voltages as high
~k
as 200 volts rms were tried to see
if this would increase the maxi/ mum usable quench frequency,
I)ut this had no effect. The high
Input from pulsed /
signal generator
qllench frequency attainable at 30
cm ~ras attrib~lted to a greater
range of feedback secured at this
frequency with the particular cavity employed.
The experimental setup shoit-n in Figs. 2033 and 20.34 was made to
ascertain the ustibility of velocity-nlc~cl~llate(l tubes for high-frequency
superregeneratlre rcmurers. Sensiti~ity did not seem to be dependent
Some representati~-e test data for
upon the exact mode of oscillation.
C@rnching !vas ~rith small-amplitude
10,000 Me/see are given below.
TA~J.E204.-’~EsT

1,

r
l{osonator,

lJ.*T.i~(JR10,000-Y1r/SEc RECEIVER

\,olts

I

Itt,firrt{)r,
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j

C:ltllo(lr,

1111

I

Scnsiti\,ity,
JYatts

-.

+245
+200
+100

~

“---IL”
–180
–loo

~

17
lR

~

i
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i “’-—-–”~ ~ 10–1!,
6 x 1O-I{,
~ 7 ~ 10–)(1
I

pulses
(less than 10 volts) of durations bet!veen 0.25 and 1 Mu,.
Repetition rates were ~aried from approximately 1 to 2.5 Me/see.
.i
15,000-ohm cathode resistor was emp!oyed.
Similar measurements have been made with velocity-modulated tubes
at 10 cm (3000 iMc/see), and the sensitivities obtained ~vere approxiIt was thought that this was due
mately the same as at 10,000 Me/see.
to the fact that the principal noise contribution in velocity-modulated
tube circuits is from the tube itself and that the noise level of the 10-cm
tube was approximately equal to the noise from those operating at 3 cm.
positive
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21.1.
Introduction.—This
chapter contains a description of receivers
for use in coherent-phase MT1 (moving target indication) systems.’
Such systems, as their name implies, are used for the detection of moving
obj ect,s by radar means, particular y under circumstances where the
presence of a large number of stationary scattering objects near the moving object of interest makes its detection difficult.
As ordinarily applied
to pulse radar systems, this process involves the comparison of the echo
pattern for a given area on successive transmitted pulses. This comparison is usually accomplished by delaying the echo-signal output of the
receiver for a time equal to the interval between pulses and then subtracting this delayed signal from the undelayed output of the receiver
resulting from the next pulse. Any parts of the echo signal, such as
those due to fixed objects, that are the same from one pulse to the next
will be eliminated or canceled.
The whole comparison process has
Ch-cuits and appaaccording] y come to be known as “cancellation. ”
ratus for accomplishing thk will not be treated here, this discussion being
limited to the special features that must be incorporated into the receiver
proper to give best results in surh service.
Special Features oj’ M TI Receiucrs.—MTI
receivers usually differ
from normal radar receivers in three respects: (1) The local oscillator has
much greater stability; (2) suit ably phased c-w oscillations—co~ erent
oscillator (coho) signals—are introduced in the receiver to provide
sensitivity to the phaw of echo signals; and {3) the amplitude response of
the receiver is specially designed to give maximum discrimination between
signals from moving targets and similar signals from other causes.
In some MTI applications not all of these features are necessary.
In fact, it may be possible to use an ordinary receiver with only slight
modifications, such as the addition of shielding and power-supply filtering for the local oscillator and the inject ion of coho signal in some simple
manner.
In general, however, best MT1 performance will be obtained
if the MT1 receiver is designed for its job.
Coho.—In a coherent-phase MT1 system, moving targets are detected
by measuring the change in phase difference between the transmitted
I MT I systems
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The phase differand received pulse in successive repetition intervals.
ence is measured by comparing the phase of the echo signal with the phase
of a c-w signal that is locked in phase with the transmitter by each transmitted pulse. This locking is called “phase-coherence,”
and the oscillator that is so locked is called the “ coherent” oscillator, or coho.
Coho
circuits and other details are discussed in Sec. 21 “8.
In the process of frequency conversion in the mixer of a superheterodyne receiver, relative phase is preserved.
Therefore if an oscillator
operating at intermediate frequency is brought into phase coherence with
the beat signal between the transmitter and the local oscillator, subsequent echo signals, after beating with the local oscillator, may be compared with the coho to give the same result that would be obtained if the
coho operated at the transmitter frequency.
This procedure is almost
universally used for microwave MT1 systems because it permits the
complicated circuits required for locking to operate at a more convenient
frequency than would be the case if a microwave oscillator had to be
locked.
The signals from stationary targets, “permanent echoes,” have the
same phase relative to the transmitter pulse in successive repetition
periods.
In this respect permanent echoes, for example, echoes from
ground “clutter,” are similar to the coho signal. Even without a coho,
therefore, a moving target can be detected by an MTI system if signals
are received simultaneously from the moving target and from fixed targets. Such simultaneous signals may quite easily be obtained because
the radar beamwidth is not zero. Thus if a large part of the indicator
scope face represents regions from which ground clutter signals are
received, satisfactory MTI operation may be possible without a coho
(and also without an unusually stable local oscillator).
This condition
may exist, for example, in the case of an airborne system.
Use oj Separate Preamplifier. -Most
of the MTI receivers used at
the Radiation Laboratory have had separate preamplifiers, the main
part of the receiver having signals applied to it at intermediate frequency
rather than radio frequency.
Thk construction offers the quickest and
most convenient way to attach iMTI to a system in such a way as to
permit either normal or MTI operation.
The use of a separate preamplifier also eases the shieldlng problems in the MTI receiver inasmuch
as less gain is required in the main part of the receiver. These shielding
problems are generally more severe than in an ordinary receiver because
of the greater complexity of circuits for MTI.
Gain-bandwidth Requirements.—An ordinary receiver requires enough
i-f gain to amplify weak signals to a level at which they produce approxiWhen a c-w coho signal
mately linear response in the second detector.
is applied, however, the detector’s incremental response is linear even for
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infinitesimal signals, and the required i-f gain is determined by a different
consideration, namely, to what fraction of the i-f limit level it is desired
to amplify weak signals. The maximum value of the desired fraction is
usually between one-half and one; the gain required is generally somewhat
greater than for an ordinary receiver.
If in an ordinary radar receiver the i-f bandwidth is too great, the
signal-to-noise ratio will be impaired even though the video bandwidth
is suitably narrow.
When a c-w signal of large amplitude compared
with noise is present at the second detector, 1 however, this is no longer
true, and bandwidth-narrowing
in the amplifiers following the second
detector has the same effect on signal-to-noise ratio as in the i-f amplifiers
preceding the second detector.
Hence, whereas in an ordinary receiver
if the i-f bandwidth is chosen for maximum sensitivity, the following
amplifiers must then have a greater effective bandwidth than that of
the i-f amplifier in order to obtain good pulse definition, in an MTI
system the bandwidth can be distributed more economically by making
all stages in the entire system have the same effective bandwidth.
This
is particularly advantageous, because an MTI system contains many
more cascaded stages than an ordinary radar system.
Thus the i-f
amplifier of an MTI receiver generally has greater bandwidth than a
normal receiver for the same pulse length.
Different
Types of iWTI Receiver.—Three different types of receiver
have been used on MTI systems at the Radiation Laboratory, the lin-tog,
limiting,
and IAGC types.
All have given apparently satisfactory
(although not quantitatively evaluated) performance.
The following
sections contain a description of the theoretical and practical considerations that led to the use of the various receiver types and an evaluation of their characteristics.
Sensitivity to Moving
21.2. General Requirements and Limitations.
Targets.—Receivers for MTI service must have high sensitivity to moving
targets in two distinctly different sets of circumstances—to signals in
Sensitivity to weak signals in noise
the clear and to signals in clutter.
(that is, in the clear) will be the same for all receivers that respond similarly to noise and weak signals; the particular receivers discussed here
all fall in this category.
The maximum usable sensitivity to signals in
clutter will in general be limited by fluctuations of the clutter itself due
to clutter fading, scanning, noise, and equipment instability.
1 For this type of operation this circuit element might more properly be called
However, in this discussion the more familiar term will be retained.
a “converter. ”
2 Two kinds of fluctuation
are of importance:
(1) fluctuations
from pulse width
to pulse width, that is, as a function of range, for a particular transmitter pulse, and
(2) fluctuations from repetition period to repetition period for the echo signal from a
particular range.
The first kind will be referred to as r-fluctuations
(range fluctua-
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Clutter Fluctuations. —Theoretical
and experimental investigation
has shown’ that clutter t-fluctuations produce a moving-target effect
that may be represented in terms of a jiuctuation vector varying randomly
with respect to a fixed clutter tjector, and that for a given type of terrain
the rms amplitude of this fluctuation vector (exclusive of noise) is directly
For ground clutter under typical
proportional to rms clutter amplitude.
conditions the fluctuation may be 40 to 50 db below rms clutter amplitude. For airborne systems the predominant fluctuations of ground
clutter are likely to be due to “beating”
among various targets which
give simultaneous return because of the nonzero beamwidth and are
likely to be relatively large compared with the ground-clutter fluctuations obtained with a stationary system.
The fluctuations from sea
return and clouds are usually large compared with ground-clutter
fluctuations.
In other words the echo pattern from a stable collection
of scattering objects, such as those making up ground clutter, is very
nearly the same from one pulse to the next, whereas a collection of
relatively mobile scattering centers gives a more variable echo pattern.
Fluctuation Compression for Strong Signals.—It
will often be true that
fluctuations on strong clutter will be larger at the receiver input than
noise fluctuations.
For maximum sensitivity to signals both in the clear
and in clutter, it is necessary that these large clutter fluctuations be compressed in the recei~rer so that at the receiver output they produce about
the same size variations as noise. This requirement is imposed by the
fact that, to be detected, a desired signal must cause an output variation
Thus, if clutter
at least as great as the largest undesired variations.
fluctuations larger than noise are allowed to produce correspondingly
large output fluctuations, either they will show up as spurious moving
targets or else in{lcator sensitivity must be reduced to the point that
the clutter fluctuations do not show, in which case weak signals (of the
order of magnitude of noise) also will not show. Similarly, if clutter
fluctuations are excessively compressed, there will be undue loss of
sensitivity to signals in clutter.
For large signals, therefore, output fluctuation should be constant for
a constant percentage input fluctuation, regardless of rms input; such a
However, compression is undesirable
response is logarithmic in nature.
for weak signals.
In fact, it should not be applied to clutter and signals
unless the clutter is at least so large that clutter fluctuations (at the
receiver input) are the same size as fluctuations due to noise. Thus the
tions); the second as t-fluctuations
(time fluctuations).
The fluctuations referred to
most often in this chapter are t-fluctuations,
and the “ t-” will therefore not be used
when these are meant.
1 See Chap. 15, Vol. 1, Radiation Laboratory
Series.
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optimum type of response 1 is one that is linear for signals below a cerand logarithmic for signals above this
tain level, called “crossover,”
level. A receiver having such an amplitude response is known as a
‘‘ lin-log” (linear-logarithmic) receiver.
Require21s3. The Linear-logarithmic
(in Amplitude) Receiver.
rnents.-The
desired characteristic is shown in Fig. 21.1. it can be
described by the relations

(1)

When no coherent c-w signal is used in the MT1 system, the lin-log
characteristic may be applied to signals
either before or after detection, al1
though, of course, before cancellation.
~out
When a coherent c-w signal is used,
however, the lin-log response must be
obtained at intermediate frequency, before the coho signal is added; for the
;? Crossover
amplitude of a signal after addition of
K
—
the coho signal depends on the phase
E;n
Ein
difference between the two and hence
cannot
a

provide

circuit

that

proper
is

to

information
compress

to

FIG. 211---- [deal Iirl-log characteristic.

fluctuations

according

to

input

signal

amplitudes.

Methods. —Three different techniques have been used to obtain a linlog characteristic.
One employs feedback; the second makes use of the
logarithmic response obtained when a negative voltage is applied to a
variable-p (remote-cutoff) tube; and the third involves a combination of
the outputs of several channels with different gains, each having a
response that is approximately linear up to a certain output and limited
thereafter.
The feedback method and the multichannel method will
be discussed further.
The second technique described above has sometimes been incorporated into a multichannel circuit,z but will be corlsidered no further here.
Feedback bias for AGC has long been used in broadcast receivers.
The ideal characteristic for such receivers, as shown in Fig. 21.2, is one
that is limiting rather than linear-logarithmic, but by suitable choice of
This technique
constants an essentially lin-log response can be obtained.
I This was first suggested within the Radiation Laboratory
by R. A. McConnell.
2 Such a device was used by F. V. Hunt for a logarithmic
vacuum-tube
voltmeter.

Rsu. Sci. Instruments, 4, 672-675 (1933).
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is suitable for the purposes considered here only if the time required for
the AGC to operate is short compared with the pulse length of the system.
Thus the method is perfectly feasible for pulse lengths greater than
several microseconds, but for pulse
lengths of 1 psec or less the AGC
t
response time cannot generally be ~Out
made sufficiently small because of the ‘otal
difficulty of avoiding regeneration or
Crossover
oscillation (see Chap. 9). It is beK
cause of this impossibility of obtaining
~
sufficiently fast response that the lin3
~
log receivers used at the Radiation
Laboratory have not been of the AGC
k
type.

E’~,,,/;;2,,,t

~e

Ein _

m
FIC.

21.2,—Characteristics
with feedback
gain-control

obtainable
bias.

FIG.

21 .3, —Operation
of multichannel
lin-log
amplifier.

The principle of the multichannel type of lin-log network is illustrated
in Fig. 21.3, and a basic block diagram is shown in Fig. 21.4.
(,!ll, llz, and
E, may be the outputs of Vl, V,, and V, respectively.)

m

FIG. 21.4.—Simpldied
Iin-log

blork

amplifier.

‘+
diagram

““’J
un

of

~IG.

215, -Lin-log
amplifier
response
for
linear
sharply
hmitmg
individual-channel
response.

The characteristic of each channel is represented in Fig. 21.3 as being
approximately linear. If each stage had strictly linear response up to a
sharply defined limit level, the total response curve would, of course,
not be so smooth as that shown in Fig. 21.3 but wculd instead have the
form shown in Fig. 21.5. In fact, even if the limit levels are not sharply
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defined, the total response cum-e may still have this segmented form if
the gain difference bct]veen successive channels is so great that any particular channel is not yet delivering appreciable output when the next
It has been found that with
more sensitive channel is nearly limiting.
the circuits used, sufficiently good logarithmic response could be obtained
for successive ~,oltage-gain differences as high as ten times.
Greater
, gain differences co{lld be employed if the response of each channel were
more nearly logarithmic than linear, but additional complications would
be required to obtain such a response, and the resulting economy of
channels would, for the applications encountered, consist only of a
reduction from three channels to t\vo. Hence, although more nearly
logarithmic response might be desirable in some cases, the circuits actu~lly used ha~e had approximately linear response.
Even when the circuit constants and operating conditions of a Iin-leg
network ha~.r been properly determined, the o~”cr-all response characteristic may suffer distortion if any of the following occurs in any channel:
1. Improper gain.
2. Improper limit level.
3. A’onflat limiting or overloading
The likelihood of items 1 and 2 can often be reduced by using degeneration
in each channel, although such degeneration generally tends to introduce
some distortion in the over-all response by making the characteristic of
eacn channel more linear. Problem 3 does not exist when the limiting is
obtained in a video amplifier by driving a tube to cutoff with a negative
signal, but such video limiting cannot be employed when a coherent c-w
signal is used, because, as pointed out above, the lin-log response must
be obtained at intermediate frequency before the addition of the coho
signal.
Z-j Limiting.—It has been found’ that the high figure-of-merit tube
types commonly used in high-gain, wide-band amplifiers have overload
characteristics of the kind shown in Fig. 21.6. The various dashed lines
represent response curves obtained with different tubes of a given type
The effect is apparently associor under different operating conditions.
ated with the geometrical characteristics of the tubes involved.
The
6AC7, for example, has a plate consisting of two comparatively narrow
electrodes (which are so made to keep plate-to-ground capacitance low),
to which cathode current is effectively beamed by grid support rods when
the control grid is negative with respect to the cathode but which are
easily missed by the electron paths existing when the control grid is
positive.
The cathode current then goes largely to the screen grid.
1 seeSf!c,
6.11.

I
I
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Unfortunately,
although
the overload
characteristic
of a tube is improved by raising its plate voltage, its maximum output is also increased,
so that the following tube is more easily overloaded.
Conversely if the
screen voltage is reduced, the maximum output is reduced, but the tube
overloads at a lower signal voltage.
Since the nature of the effect is

I
Eout

‘\\.

1/

Ein —
F1~.

21

.(i.-—Typ1cal i-f aulplificr

o~erload

characteri~tlc.

such that the maximum signal output current is limited, overloading of
successive stages can be reduced or eliminated by use of suitably small
load resistances, although this “suitable”
value is generally somewhat
smaller than that which would be used if only gain-bandwidth considerations were involved.
The methods that ha~-e been used to obtain fairly flat and uniform
limiting have included combinations of those just stated, with the addition of one more, the use of grid-curC
rent
limiting resistors or grid leaks.
I
cc
A section of the circuit of a typical
amplifier using a grid leak is shown in
R : ‘-I
Fig. 21.7. This method of reducing
&~=
R~
L
:::C9
overloading effects is feasible only
I
if the time constant RC can be made
--_=
~
--:-short compared with a pulse length
Cil[ult diagram
of
I’[G.217. -Sirr,rjl]fied
and yet long compared with an i-f
i-f amplifier
with grid leak.
cycle, that is, only if the i-f pulse contains several cycles.
Even if this c&dition is satisfied, the effectiveness
of the grid leak cannot be made very great for pulses shorter than ~ psec
(Jr so, because C should be several times C~ in order that there be little
attenuation from the capacitive voltage divider made up of C’ and L’g,
and R should be large compared with the effective grid-cathode resistance
when grid current flo\vs, These conditions determine a minimum value
of JiC for effective grid-leak action.

T!!P

‘
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Buflering.-In
a multichannel lin-log amplifier, there may be the
possibility of feedback from the output terminal through the least sensitive channel into one of ~he other channels.
For the purpose of further
discussion, a block diagram of a typical i-f lin-log amplifier is shown in
Fig. 21.8. The arrows show the desired direction of signal transmission.
ISetworks A attenuate signals, and the 180° phase-shift network is
required to make the output of Channel 2 in phase with the outputs of
Channels 1 and 3.
Let m = gain of V,, Vz, or V,, db,
n = gain of V4, Vb, or Ve, db,
p = attenuation of A, in direction of arrow, db,
q = attenuation of A, in direction opposite to arrov-, db,
r = attenuation of feedback through Vi, db
output voltage
(“ db” is used here as 20 log~, input voltage 1 without regard to impedance levels. )
In order that the circuit shall not oscillate, it is necessary that
p+q+r>2m+n

(2)

at any frequency at which the phase shift around the loop from the output
terminal through V4, A, Vz, Vs, A, and ~6 is an integral multiple of 27r.
The principal function of V4 is to provide a means for obtaining as unilateral transmission as possible,
that is, to provide buffering action
between the output of V, and the
input of V2. In terms of the
quantities listed above, it may be
m
said that V4 is included to make
r as high as possible compared
with n.
The inequality stated above
in Eq. (2) provides only that the
amplifier will not oscillate.
For
two other reasons as well as for
the necessity of having a safety
FIG. 21S.-Block
diagram of typical i-f
factor, feedback through Channel
hn-log amplifier,
3 should be far less than the
critical value indicated by Eq. (2).
(1) Feedback considerably below
the critical value for oscillation can still cause bandpass distortion
(2) Some coho signal may
severe enough to distort signals undesirably.
feed back through Channel 3 in sufficient strength to cause VGto deliver
If this condition exists,
an appreciable fraction of its maximum output.
the Iin-log characteristic will effectively be applied to signals not accord-
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ing to their amplitudes but according to the resultant amplitudes of signals plus coho.
Thus the amount of compression suffered by a signal
(and by its fluctuations) will depend on the phase difference betvreen the
signal and coho. For these reasons, a more suitable inequality for actual
rircuits than Eq. (2) is

p+q+7->2m+n
where crossover

amplitude

+20

(

l+

coho amplitude
loglo crossover amplitude
)

(3)

means the output amplitude of crossover
signals.
E qua t i o n (3) applies
only ~vhen coho amplitude is not
appreciably
less than crossover
amplitude.
This condition is
usually desirable in the case of an
i-f lin-log amplifier, as discussed
below.
If video output is desired
rather than i-f output, either the
circuit represented in Fig. 21 .S
with the addition of a detector or
Channel 1
Channel 3
Channel 2
the circuit of Fig. 21.9 may be
FIG.
219.-Blork
diagram
of
typical
~ircuita D
video-output
lin-log
amplifier.
used. The circuit of Fig. 21.9
are detectors;
circuits
F are filters.
provides lin-log response with a
minimum number of tubes.
This circuit will be discu~sed in more
detail later; it is shown here because of its bearing on the buffering
It can be seen that if each of the channels includes an i-f filter
problem.
(as will be the case if each channel has a detector), feedback through
Channel 3 can easily be made sufficiently small.
Addition of Coho Signal.—If echo signals are to be compressed according to their amplitudes, the coho signal, if
kE, -i ~-------used, must be added after the echo signals
*
have passed through the compressing net- t--~l ~ ‘--~-~fluctuation
work, since the amplitude of coho plus
signal will depend on the phase difference
between the two.
Coho Amplitude.—To see how the coho
4’[
amplitude affects the response of a lin-log
kE2 k- ?- -receiver, it is instructive to consider first
of
linear
~lG. 21.10. —Response
receiver.
the nature of the response of a lin-log
amplifier to signals having various average amplitudes but constant
percentage fluctuations.
Figure 21.10 is a vector representation of the output of a linear amplifier for two signals of relative amplitudes E, and 4EI, with the same per-
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centage fluctuation k. (The fluctuation is represented in terms of a
fluctuation vector as mentioned in Sec. 21 “2). The dotted lines represent
the limits of the phase variation possible in the output (or input) signal.
Note that if the percentage fluctuation is the same for the two signals,
the maximum phase variation o is also the same.
Signal
Coho

r-l

Coho

1
Signal

i
Fm.

21.11 .—Response
receiver.

of

lin-log

FIG.

21.1 !2—Lin-log
large

receiver

with

coho.

Figure 21.11 represents the output of a lin-log amplifier for the same
two signals, assuming that El is a signal which just reaches crossover.
The numbers along the axis in the case of the larger signal denote relative
input amplitudes.
Thus Fig. 21.11 is essentially a conformal map of the
response characteristic of a lin-log amplifier.
Note that for constant
percentage fluctuation of the input signal, the magnitude of the amplitude
fluctuation of the output signal is the same for any signal above crossover
as for one at crossover.
Note, however, that the lin-log
Coho
characteristic does not affect the phase fluctuation of
signals.
This lack of restriction of phase excursion may
result in excessive output fluctuation (that is, fluctuation
greater than that desired or expected from the lin-log
Signal
amplifier) when the coho signal is added to output
signals if coho amplitude is appreciably greater than
1
crossover amplitude.
This possibility is illustrated in
FIG. 2113. Fig. 21.12 from which it can be seen that, for signal
&,&’gma~~~,;
amplitudes greater than crossover but smaller than
coho, the resulting fluctuation when coho and signal are in phase is
the amplitude fluctuation of the signal, but the resulting fluctuation
when coho and signal are approximately 90° out of phase is determined
principally by the phase fluctuation of the signal and is greater than for
the in-phase case.
From Fig. 21.13 it is clear that if coho amplitude is made no larger
than crossover amplitude, the resulting fluctuation for a signal appreci-

590

MTI

RECEIVERS

[SEC.213

ably greater than crossover will be essentially the properly (logarithmically) compressed amplitude fluctuation of that signal, regardless of the
nhase clifference between the signal and coho.
The foregoing discussion shows that CO11Oamplitude should not be
appreciably larger than crossover amplitude.
That it should also not be
appreciably smaller than crossover amplitude is indicated by the following
three considerations, which are listed in the order of their importance.
1. For isolated (not in clutter) moving target signals that produce output amplitudes larger than coho, the amplitude of the beat resulting
For good probwhen coho and signal are added will be that of coho.
ability of detection of the moving target, this amplitude should be
several times rms noise amplitude.
Since under some operating
conditions rms noise amplitude may be as great as one-tenth to
one-third crossover amplitude, coho amplitude (which generally
is not and need not be readily variable) should not be appreciably
smaller than crossover amplitude.
2. In cancellation systems using a supersonic delay line, it is often
convenient to apply coho and i-f output from the receiver directly
to the delay line. In this case, coho may be considered to be a
In the cancellation cir“carrier,” modulated by the i-f signals.
cuits commonly used, it is desirable that the carrier level not be too
small a fraction (not less than one-half to one-eighth) of the
maximum signal level. 1
3. If coho amplitude is not larger than the largest output signal,
then some clutter echoes will have such amplitudes and phases
as to almost cancel coho; in the region of such clutter, the receiver
will be relatively insensitive to moving targets for the reason
given in Paragraph 1 above.
The probability of occurrence of a
given amplitude clutter echo decreases with increasing amplitude,
so that the probability that coho will be approximately canceled
by clutter increases with decreasing coho amplitude.
Methods.—The only method of adding coho signal to i-f output signals
that has been considered thus far is simple addition at the output of an
i-f lin-log amplifier.
This is the most suitable technique if i-f output is
desired from the receiver, but there is a somewhat simpler and almost
equivalent method that can be used if video output is desired.
Figure
21.9 shows this simpler method, which consists of adding coho only to
In terms of receiver types described
Channel 1 of a lin-log amplifier.
later in the chapter, the action of this circuit may be likened to the
combination of a limiting receiver with coho plus a lin-log receiver without
1 See Sec. 14a,4, Vol. 20.
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coho.
Obviously cohocan beadded toonechannel
without being added
to the others only if the output of that channel is detected separately
from that of the others. This method is simpler because the phase
relations between the signals in the various channels are unimportant
and because the nature of the response is approximately independent of
coho amplitude provided that the latter is greater than crossover amplitude.
The response characteristic is less satisfactory than that of the
circuit of Fig. 21.8 in one minor respect; namely, the response to fluctuations of a large (larger than crossover) signal depends on the phase of
The response may be as much as 3 db
the signal with respect to coho.
greater for signals orthogonal to coho than for signals in phase with coho.
(The nature and magnitude of this effect can be shown by diagrams similar to those of Figs. 21.10 to 21.13.)
Specific Circuits.—The
general principles on which the design of a
multichannel lin-log amplifier is based may be summarized as follows:

1. Suitable gain separations must exist between the channels and
their limiters.
An
2. All channels should deliver the same limit-level output.
amplifier in which this is true can be more easily maintained and
generally more easily designed.
3. Coho amplitude must have the proper relation to crossover
amplitude.
4. Suitable buffering must be provided.
5. The side channels must be connected to the main amtiifier in such
a way as not to reduce undesirably the efficiency of the interstage
coupling circuits in the main amplifier.
The use of a voltage
divider across the tuned circuit of the main amplifier to which the
side-channel connection is made or the use of germanium crystals
having low capacitance (see Chap. 7) for the detectors in the side
channels aids in reducing the band-narrowing effect.
The actual design is determined by these principles and by the gain,
bandwidth, logarithmic range, and nature of the output (that is, i-f
signals or video signals).
Of these latter factors, only the logarithmic
range requires further discussion here.
The term “logarithmic range “ is used here to describe the dynamic
range of input signals between crossover and complete limiting.
It is
approximately true that a crossover signal is just strong enough to cause
limiting in the most sensitive channel of a lin-log amplifier.
If this \vere
exactly the case, the logarithmic range would be the difference in gain
between the most sensitive and least sensitive channels.
Actually, however, for increasing input the gain of the most sensitive channel begins
to decrease for signals considerably weaker than those just strong enough
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in this

channel

is not

caused

by

8 to 12 db stronger (in typical
cases) than crossover.
Thus, a typical lin-log amplifier having three
channels with successive gain separations of 15 db might have a loga—
.—

a crossover

signal

but

by

a signal

at least

(a)

-.

(1))
FIO.

21. 15. —h1ain

chassis

of

MTI

receiver.

(a)

Back

view;

(b) internal

view.

rithmic range of 40 db—30 db by virtue of the multichannel construction
and 10 db between crossover and limiting in the most sensitive channel.
Figure 21.14 is the circuit diagram of an MTI receiver that was used
in the field. This receiver has i-f output, coho amplitude slightly greater
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than crossover amplitude, and logarithmic range of about 50 db. The
bandwidth, exclusive of a preamplifier, is3.5t04Mc/sec.1
Two views
of the main chassis of this receiver are shown in Fig. 21.15a and b.
Figure 21.16 is the circuit diagram of a lin-log receiver that was
designed for miscellaneous applications not requiring coho. Video
limiting was used because it is more easily made to give consistent performance than i-f limiting.
The logarithmic range is about 65 db, and
the bandwidth, exclusive of preamplifier, is about 3 Me/see.
Figures 21.8 and 21.9 represent the arrangements that have come to
be considered to be optimum for lin-log amplifiers delivering i-f or video
output respectively.
It will be seen that the numbers of tubes involved
are considerably smaller than in the designs of Figs. 21.14 and 21.16.
It is, of course, desirable to reduce to a minimum the number of those
tubes which affect the gain differences between channels and the limitlevel output of each channel.
The circuits of Figs. 21.8 and 21.9 can be
used to obtain up to about 45-db logarithmic range, which is sufficient
for all MTI applications contemplated at present. For the logarithmic
range of 45 db both circuits can be made to have bandwidths of at least
6 Me/see foi the interstage circuits between VI and Vz and between VQ
and Vs, thus permitting over-all
bandwidths for the receiver as
high as 2.5 or 3 Me/see to be ob@
tained.
(If less logarithmic range
is required, or if more channels are
used, the over-all bandwidth can
(a)
(b)
be made greater.)
Phase fluctuation
21.4. The Limiting Receiver.
Theory
oj Operation.—It has been
.1--“-—. -- —-. .+
shown that because clutter fluctu------0
ations (exclusive of noise) are proe
portional to rms clutter amplitude,
(c)
the ideal receiver for MTI is one
FIG. 21.17.—Logarithmic
pha~e response
in a
that compresses fluctuations of
limiting
i-f amplifier.
1arge clutter
logarithmically.
Section 21.3 described a method of obtaining logarithmic amplitudefiuctuation response. This section describes a method of obtaining
logarithmic phase-fluctuation response.
It was mentioned above that signals of any amplitude having the
same percentage fluctuation have exactly the same phase fluctuation.
A receiver in which large signals limit in the i-f amplifier will thus give
an i-f output having phase fluctuations depending only on the percentage

fG&.Y-:.

1See RL Report No. M-218, June 1945,for a more complete description.
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fluctuation of a large signal’ and not on the rms amplitude of the signal.
This compressing action is illustrated in Fig. 21.17. It appeared that a
limiting receiver would have certain advantages over a lin-log receiver
(see Sec. 21.6).
‘1

-=6?fM’&-”
liiolr

2r

3Tr

o

(a)

(b)
FIG. 21. 18.—Llmiting
receiver
large
coho;
C = coho
(vector),
M = IC + S1.
signal
(vector),

e
FIG.

with
5’ =

21 .19.—Limiting
limit-level

receiver
coho.

with

Coho Signal Addition: The “Balanced Detector.’’—There were two
serious difficulties that delayed the application of a limiting receiver to
MTI systems. The first one was to obtain flat i-f limiting instead of the
condition shown in Fig. 21.6. The
second and more serious difficulty was
that with any simple method of adding
coho signal, the receiver would be
insensitive to fluctuations for certain
phases of clutter.
Figure 21.18 shows
the manner in which the resultant of
coho plus echo signal varies with the
phase angle between the two for a
large (limiting) signal and coho ampli1’
(Ml- M2=)M

@’--”’M
@M2~
Ik7’5
I

I

1

u

I

~J

o
FrQ. 2120.-Llmiting
dual

limit-level

I

RFC

&p:~

%
e
receiver
coho.

Signal in one
channel, coho in
t e other

.
with

FIG. 21.21 .—Balanced

detector.

tude greater than limit level (output amplitude of a limiting signal).
A moving target in clutter causes a small fluctuation in the total signal;
~This was pointed

out at the Radiation

Laboratory

by A. G.

Emslie.
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it is the resulting phase fluctuation that is used to detect the moving
target. Clearly, it is desirable tlmt for a limiting signal the receiver be
cqual]y sensitive to small phase fl~lctuatiorls for any value of 8; that is,
ldM/d@ should ideally be independent of d. It is evident from Fig. 21.18
that for the simple method of coho addition reprmcntrd, the receiver’s
sensitivity to (small) phase fluctuations \“a,riesconsi[lcrably \vith 6 and
is, in fact, zero forsignals inplmseoro{lt
of phase !vithcoho.
oneof the’’ blinclphasw”
(val~lesof Ofor which ld.11,/dol =0) can
},celiminated bymaking collc)level eq\lalto liInitlcvel (Fig. 2119).
A
methocl of eliminating both blind phases by using t\vo coho signals (in
separate detectors) 1800 out of phase \vith each other is illustrated in
Fig. 2120,’
l’heuscof
this (lllal-c()}lo drtcctionmcthod~vitl~l imit-lev[,l
roho has made a limiting receiver practical.
The detector circuit ~wxltoohtainthc
operatio nrepresente dinFig.
2120 is commonly called a “balanced detector, ” by analogy with a
Theessentia lfetitllrcs of su(:h a circuit arc that
“ balanced modulator,”
1. In each of the t\vodetectors, coho le\el is the same as limit le~-el.
2. The phase :mglc bet\recn coho and signal at one detector is 180°
different from that at the other.
A typical circuit is sho\vn in Fig. 2121.
The drtector circuit shown
in Fig, 21.22 hw also been used and has the advantages of ease of balance
and lack of magnetic coupling.
Coho level must be fairly closely the same as limit level for most
cfficicnt operation,
llzint(mtince
of this equality can be aided by
operating the coho-chanrwl o(ltp~lt tllbe under the same conditions as
circuits can
the signal-channel output tllbe, Automatic-1evel-control
also bc used; at this time three is not eno~lgh information available
to determine how JVCIIeqludity of levrls can be maintained without any
control other than factory adjustment,
.4 Limiting R(criwr,-Figure
21.22 sho\rs the circuit diagram of a
limiting receiver. Two vielvs of this reccivcr arc shown in Fig. 21 .23a
and b.
21.5. The IAGC Receiver.
Brief Description of IAGC.—The term
1.4C,( ‘z—instant:meous automatic gain cent rf)l—is commonly used to
(lescribe back-bi:w circuits designed to prevent i-f limiting of strong signals. Figure 2124 illustrates the action of back bias (only the envelope
of i-f signals is shown); Fig. 21.25 is m s,implificd di~gram of a typical
l:lGC circuit.
The correct back bias to keep the incremental gain of
J’? approximately constant is applied by the drtector-amplifkr
circuit
through the time constant RC, where C’ is the total c:~pacitv from the
1This scheme

was proposed hy .4. Cr. F.mslie and F. Cunnin~ ham.
2 1.4C, C is treated in more dctall in Chap. 9.
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grid of V,to ground.
The length of this time constant determines the
exact response characteristics of the IAGC circuit.
For MTI work,
the time constant has generally been made approximately equal to the
pulse length used in the system.
ih
(In some circuits that have been
output
I
used, the effective time constant
has depended on the magnitude
\,
;Y>
T-!J
,
and polarity of the incremental
Time
‘+,
ec
Op:aJng
signal. ) The action of a circuit
/’
.-’ — Input
having such a time constant and
E
having some voltage delay in the
(a)
Time
detector part of the IAGG circuit
ib
is represented in Fig. 21.26.
output
Note that IAGC is quite different from the type of automatic
‘---~---k~im~
Op~agng
~,,~
volume control used in broadcast
c
-,$. —Input
including
receivers.
The latter is designed
back-bias r; ‘<
to reduce gain without distortion
Time
(b)
in the presence of strong signals,
FIG. 21.24.—Operation
of back bias.
whereas IAGC. which is intended
to preserve incremental gain, effectively removes the average component
of strong signals and retains only the r-fluctuations.
It maybe mentioned here that IAGC circuits do not perfectly preserve
incremental gain and that some fluctuation compression is therefore

3--

A

l-l-amplifier

m~~,~~
7
/i\

v,

V3

V2

---

—
---

-0

RFC

R

Detector
and
amphfier

FIG. 2125.-Simplificd

IAGG

circuit.

applied to strong signals. In fact it seems possible to construct an IAGC
circuit having an effect approximating that of a lin-log receiver followed
As stated above, however, IAGC cannot
by a differentiator circuit.
readily be made “ instantaneous” enough to provide lin-log response for
pulses shorter than about 1 psec.
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The Use of IAGC Receivers in MTI.-Two
reasons have been advanced
for the use if IAGC receivers for MTI.
‘–
(1) It has been claimed that
Input
IAGC operates as a” precanceled”
of permanent echoes—a device
that partially removes fixed echoes
but does not appreciably affect
t-fluctuating echoes.
(2) IAGC is
a desirable feature of receivers for
normal radar systems—it is generally desirable to have “ normal”
presentation available even in a
system used primarily for MTI
—and simplification of production and maintenance problems
will result if the MTI and normal
receivers can be made approxiTime
mately the same. This second
Fxc+. 21 .26.—Operation
of short-time-con.
stant voltage-delayed IAGC.
reason is indisputably a good one,
but close examination of the first leads to the following conclusions:

I #-lFJ

1. The usefulness of IAGC as a precanceled depends on the r-fluckuations of normal clutter echoes and decreases as these fluctuations
increase. 1 Ideally at least, IAGC does not reduce the incremental
gain of the receiver—the gain to ~-fluctuations— and it can be seen
that after a large ~-fluctuation the receiver is insensitive for a short
The receiver will thus be insensitive to amplitime (Fig. 21.26).
tude t-fluctuations and partially insensitive to phase &fluctuations,
The harmfulness of this
where clutter has large r-fluctuations.
sensitivity loss is a statistical matter that has not been examined
quantitatively; it can be said that r-fluctuations are indeed large
in clutter and also that IAGC receivers have given impressive
(although, to date, not quantitatively evaluated) performance.
2. The response of an IAGC receiver to a signal at a particular range
depends on the amplitudes of the preceding signals; not only are
t-fluctuations of strong signals generally not compressed, but
t-fluctuations may even be expanded by the IAGC action.
In
view of the discussion in Sec. 21.2, one would expect an 1.4GC
receiver to be unsatisfactory when clutter signals were so strong
and the percentage t-fluctuation so high that clutter &fluctuations were larger than noise. These IAGC receivers have been
used for MTI only on relatively low-power ground systems where
1 The subject of precancellation
by IAGC
by W. Selove in RL Report No. 1016, March

and other methods
1946.

is discussed

further
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clutter &fluctuations are seldom larger than noise. In the case
of an airborne IMTI system using an IAGC receiver, however, it
was found that the output due to clutter fluctuations was greater
than that due to noise even through the system power was comparatively low (and the clutter signals therefore comparatively
weak).
The difference between ground and airborne systems is
that ?or typical systems the percentage &fluctuation is much greater
in the airborne case.
Coho Addition.—The
output of an IAGC receiver is restricted in
amplitude; but unlike the limiting receiver, the output even for strong
Thus no blind phase
input signals contains amplitude fluctuations.
exists such as would be the case for a limiting receiver and single coho.
A satisfactory method of adding coho signal in an IAGC receiver is,
therefore, simple addition.
Coho level should be at least as large as
the maximum signal output, because the latter in this type of receiver
may be only a few times as large as noise. Simple addition of large
amplitude coho has the advantage that for signals orthogonal to coho,
output fluctuations depend essentially only on the output signal’s phase
fluctuations-there
is thus for these signals the same kind of logaritlunic
compression that is obtained in a limiting receiver (see Fig. 21. 17).
Sensitivity to Weak A’ignals.—
21.6. Comparison of Receiver Types.
For noise and hence weak signals, small compared with limit level, the
signal-to-noise response of a “balanced detector” is the same as that of a
The IAGC receiver generally includes
simple single-coho detector.
voltage delay in the IAGC circuit, so that for weak signals this receiver
has a simple linear response. Thus the sensitivity to weak signals is the
same for all three receivers.
Fluctuation Compression.—The lin-log receiver with small coho (small
compared with maximum signal output) and the limiting receiver both
give logarithmic compression of fluctuations of large signals. The IAGC
receiver generally does not compress fluctuations and may even exaggerate them.
Response to Moving Targets in Clutter oj Various Phases (with Respect
to Coho) .—Figure 21.19 shows the relative response to fluctuations on a
large signal of a limiting receiver with a balanced detector.
The (video
output) lin-log receiver with (large) coho in one channel shown in Fig.
21.9 has exactly the same response curve. A lin-log i-f receiver with
small amplitude coho or a Iin-log receiver with no coho has a response
independent of clutter signal phas~the
ideal nature of this response.
The response of an IAGC receiver may vary considerably with the signal
phase, but the response will always be smaller for clutter signals orthogonal to coho than for clutter signals in phase or out of phase with coho.
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Ability to Handle Very Large Signals (without Overloading) .-The
limiting receiver is best in this respect—it will handle the largest signals
The IAGC receiver and lin-log receivers
that can possibly be obtained.
have about equal abilities—the largest signals that can be handled without overloading are those which limit the last unprotected tube or the
last side channel.
It is quite easy for either type to secure enough range
for all presently contemplated applications.
Dynamic Range of Output Signals. —This dynamic range is of importance because of its effect on cancellation-circuit requirements.
Thus,
a receiver from which the largest output signal is only ten times rms noise,
as is a typical case for an IAGC receiver in MT1 service, imposes much
less stringent requirements on cancellation than does one in which the
largest output signal is one hundred times noise, as it is in a typical lin-log
case. The effective dynamic-range compression of an IAGC receiver is
perhaps its most important advantage.
A simple calculation shows that in a lin-log receiver which satisfies
Eq. (1) of Sec. 21.3, the output for signals above crossover increases by
an amount equal to the crossover output when the input increases by
8.7 db. Thus a lin-log receiver with 40-db log range has a maximum
output 4.6 times (13 db greater than) crossover.
A limiting receiver is better than a lin-log receiver by just the factor
of the logarithmic range—the maximum output of the former corresponds
to a crossover signal.
Frequency (Carrier or Video) of Output Signals.—Any of the receivers
described can be used to deliver video output.
If i-f output is desired,
however, the limiting receiver cannot be used unless the complete loss in
sensitivityy that exists for “blind phases” can be tolerated.
That is,
for efficient operation of a limiting receiver, a balanced detector should
be used, and a balanced detector delivers only video output.
Dificulty oj M~intaining Proper Operation. —Among video output
receivers, the lin-log receiver shown in Fig. 21.11 is undoubtedly the
easiest to maintain—it contains no tubes other than those in an ordinary
receiver strip. The limiting receiver requires a critical coho level and a
The IAGC receiver
special detector circuit for optimum operation.
contains two or three extra tubes but requires no operational adjustments
—the extra complication is only one of design and maintenance.
Between i-f output receivers, the lin-log is probably slightly more
difficult to maintain than the IAGC, since the former imposes certain
requirements on the comparative gain of the various tubes involved.
Use in MTI with No Coho.—In some cases (for example, in airborne
MTI) it may be desirable not to use a coho and to detect moving targets
In this case the receiver must be sensitive
by their beating with clutter,
to amplitude fluctuations (since it will not be sensitive to phase fluctua-
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tions); hence the limiting receiver will not do. Either the lin-log or IAGC
receiver can be used.
2107. Best Receiver Type for Various Applications.
General MTI
Work.—In view of the material of Sec. 21.6, it is believed that the limiting receiver is the best type for general MTI work. It has the theoretically optimum form of compression of fluctuations of strong signals, fairly
uniform sensitivity in any phase of clutter, and an output dynamic range
that under ordinary conditions is sufficiently small to be handled comfortably by present cancellation circuits.
For comparatively low-power ground systems in locations where
high-percentage clutter fluctuation is not encountered, an IAGC receiver
may be satisfactory, but quantitative information on the effect of IAGC
on fluctuations of typical clutter must be obtained before this type of
It seems evident that an IAGC
receiver can be definitely recommended.
receiver will be less effective for MTI operation in the presence of sea
clutter and clouds than either of the other types.
Airborne M TI.—Theoretical
analysis and experimental evidence
show the ordinary type of IAGC receiver to be unsatisfactory for airborne MTI because of failure to compress suitably fluctuations of large
signals. For airborne NITI systems with a coho, the best receiver is the
limiting type; for systems with no coho, the lin-log is the only suitable
receiver.
I-f Output.—The Iin-log receiver is the most suitable type for general
MTI work with i-f output.
Theoretical analysis indicates that there is
some hope of compressing the output dynamic range of this type of
receiver to a range corresponding roughly to crossover—approximately
the range of a limiting-type receiver. 1
Other Possible Receiver Methods.—An
interesting new method of operation of a limiting receiver, which would make the use of a coho unnecesThis method consists of establishing
sary, has recently been proposed.
phase coherence in the local oscillator.
The receiv;r output would be
coherent i-f signals (instead of the usual coherent video signals), which
could be fed directly to a cancellation circuit.
For use with delay-line
cancellation systems, in the present state of the art, this technique is
suitable only for pulse lengths greater than about 2 Ysec; for storage-tube
cancellation, however, shorter pulse lengths could be used.
21s8. Coherent Oscillator Circuits and Considerations.
Coho Locking.—There are two conflicting requirements on the coherent oscillator;
it must be possible to set its phase correctly with a short locking pulse,
and once locked it must oscillate very stably (detailed stability requirements are discussed below).
One method that has been widely used to
permit these requirements to be easily satisfied is to turn off the coho a
1W. Selove, RL Report No. 1016, March 1946.
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short time (about 50 ~sec) before each locking pulse and to sensitize it
at just the time of the locking pulse or slightly later. This gating
method is illustrated in the circuit of Fig. 21.14, in which the coho,
VZI, is gated by the operation of V*F, V~e, and VZT. The exact time of
application of the enabling edge of the gate is not critical as long as it is
within a microsecond or two following the locking pulse. The phase of
the oscillator will be determined by the oscillations that the locking pulse
establishes in the tuned circuit and that, because of the high Q of this
circuit, persist in appreciable amplitude for an appreciable time (the
decay time constant is Q/r cycles).
It may be mentioned that the enabling gate must be applied in such a manner as not to set up transient
oscillations which may affect the phase of the oscillator; in the circuit of
Fig. 21.14 this condition is ensured by not having too steep a front on
the gate.
It has also been found possible to phase-lock a continuously running
stable oscillator by using a sufficiently strong locking pulse and by adjusting the oscillator operating conditions so that the oscillator is just operat ing stably, that is, not oscillating too strongly.
The locking pulse can be introduced into the oscillator circuit in any
simple way-it
may be applied to an extra modulation grid in the oscillator tube or, as in Figs. 21.14 and 21.22, may be simply added to the
tuned circuit in parallel with the signal from the oscillator tube.
It has been found that a coho can be satisfactorily locked in phase
even if the natural frequency of the oscillator is quite different from that
of the locking pulse-20
per cent different, for example.
The coho is
usually operated at signal frequency, however, because otherwise the
signals resulting when coho is added to echo signals will have a spectrum
centered at some frequency other than zero, and the design of the video
amplifier for these signals is thereby complicated.
Locking-pulse Considerations. —The i-f pulse to lock the coho is obtained
by converting the transmitter pulse with the same (stable) local oscillator
The technique
used to convert echo signals to intermediate frequency.
and problems are quite similar to those involved in obtaining an i-f pulse
for AFC purposes (see Chap. 3).
The locking pulse has generally been obtained from a separate mixer
fed by the transmitter through considerable attenuation.
It is desirable
to obtain as much signal output as possible from the mixer; but as in the
case of AFC, increasingly high output is accompanied by a faster increase
in spurious components.
These spurious components are produced by
two causes. One is the fact that various frequency components of the
transmitter pulse beat with each other to produce mixer output at intermediate frequency.
Since this spurious output varies as the square of
the applied r-f voltage whereas the desired i-f output varies linearly with
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the applied r-f voltage if the LO signal is sufficiently strong, this effect
can be kept to a satisfactorily small value by keeping the applied r-f
signal voltage suitably small. A level of about 1 mw has been found to
be satisfactory.
Spurious components in the i-f locking pulse channel can also be
produced by undesired signals in the LO line. In particular, if the local
oscillator is coupled too tightly to the signal and locklng-pulse mixers,
signals and TR-tube spike may be introduced into the locking-pulse
mixer. It is advantageous in this connection to have as great isolation
as possible between the two outputs of the local oscillator (see Chaps. 2
and 3). It has been found practical to obtain the greatest possible
attenuation between the local oscillator and the locking-pulse mixer by
using a signal level of about 1 mw at this mixer and adjusting the LO
coupling (rather than the signal coupling) to give the required signal
output .
The gain required in the locking-pulse i-f amplifier depends on the
necessary signal amplitude for stable locking.
It has been customary to
drive the final locking-pulse amplifier sufficiently hard to make it deliver
its maximum possible output.
‘l’he maximum i-f voltage available from
the locking-pulse mixer, if spurious components are to be avoided, is
perhaps 0.05 to 0.1 volt rms into a 100-ohm line, and the voltage required
to drive the final locking-pulse amplifier to maximum output is usually
Hence, if a terminated line is used to couple the lockabout 1 to 5 volts.
ing-pulse mixer to the amplifier, three stages are required for a pulse
length of ~ or 1 psec. In the circuit of Fig. 21.14, it was possible to obtain
enough out put from VI g to permit biasing the final amplifier VZOto
approximately Class B operation, thus suppressing small spurious signals
in the locking-pulse channel.
The bandwidth of the locking-pulse amplifier should be about the
same as that of the echo signal amplifier, namely, about the reciprocal of
the pulse length.
If the locking-pulse amplifier pass band is too narrow,
two undesirable effects will result: (1) The locking pulse will not reach full
amplitude, and (2) the gain of the amplifier will vary rapidly with the
frequency of the i-f locking pulse.
Locking Test.—An MTI system is considerably more complicated than
an ordinary radar system, and it is very desirable to have convenient
methods of testing the MTI components.
The accuracy with which the
coho is locked can be investigated in a fairly simple manner, illustrated in
the receivers of Figs. 21.14 and 21.22.
In the latter circuit, for example,
the locking pulse at the plate of the first locking amplifier VIS is applied
not only to V15 but also to Vll which drives a short i-f delay line (of
about 6-psec delay).
When switch S’,, at the grid of Vi, is thrown to
the “locking test” position, the locklng pulse is transmitted through the
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signal channel a few microseconds after it is applied to the coho.
If the
coho is locking properly, its phase will be coherent with that of the delayed
locking pulse; thus the latter will appear to be a “permanent echo.”
The locking test pulse provides a convenient method of adjusting the
LO or coho frequency so that the signal intermediate frequency and the
coho frequency are identical.
The delayed pulse is a beat note between
the transmitter and the local oscillator.
By the time it has arrived at
the point where the coho signal is added, the coherent oscillator will
have settled down to its steady frequency.
If this frequency is not the
same as that of the signal, another beat note will be produced which will
show up superimposed on the pulse in the receiver output.
Accordingly
the procedure is to adjust the LO frequency until this video output pulse
has a flat top. For this procedure to be successful, the over-all bandwidth
of the circuits through which the locking pulse passes in traversing the
signal channel should be great enough to deliver an appreciably flattopped output signal.
Coho Stability.—In order that nonchanging input echo signals be
nonchanging at the output, the coho must oscillate at very closely the
same frequency during successive repetition periods.
Analysis shows
that the criterion of stability is the time rate of change of frequent y. I
The required stability in the coho can easily be obtained by the following
measures.
The coho and associated elements should be shock-mounted,
a high-Q tank circuit with a high ratio of capacitance to inductance
should be used, and the oscillator feedback should be adjusted to make
the oscillator operate fairly weakly.
The receivers of Figs. 21.14 and
21.22 use a 6SJ7 oscillator because of its comparative freedom from
microphonics.
A method of checking roughly on the stability of the coho is illustrated
in the circuit of Fig. 21”14. When switch S2 is in the ‘i stability test”
position, the gate length of the coho gate is increased to more than a
If the transmitter is shut off, the coho will then oscilrepetition period.
late freely, and some coho signal will be transmi~ted down the MTI delay
line and compared a repetition period later with the signal then being
produced by the coho.
If the coho is oscillating stably, the phase difference bet}veen the delayed and undelayed coho signals will be the same
in alternate successive repetition periods, and this fact can be indicated
by suitable methods in the “comparison
amplifier” part of the MT1
.syst em. 2
Coho Output.—Methods of adding coho signal to echo signals are disThe circuit in Fig. 2122 shows a coho
cussed in the preceding sections.
1 .4 method of rating and measuring the stability of oscillators for coherent-phase
operation is described by S. Roberts, RL Report h-o. 819, October 1945.
z RL Report No. M-218, June 1945.
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amplifier
operated
under conditions similar to that of the signal
output amplifiers, so as to deliver a coho signal level approximately
equal to crossover.
In the circuit of Fig. 21.14, the coho output amplifier
is operated under conditions similar to those of the signal output amplifier,
so that coho level and limit level can be maintained approximately
constant.
The receiver of Fig. 21.14 also includes a tube VSS that can be used as
a modulator to inject some coho signal into the echo-signal channel.
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This test signal is, of course, coherent with the coho and can be used to
adjust the cancellation circuit.
“ Moving” Coho.—For MTI systems in motion relative to ground or
sea clutter, such as airborne or shipborne systems, signals from stationary
clutter targets do not have the same phase relative to the transmitter
pulse in successive repetition periods.
It is possible, however, to adjust
the phase of the coho signal so that signals from stationary targets wi!l
have the same phase relative to coho phase in successive repetition
periods. Such a phase-adjusted coho is called a” moving” coho.
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The necessary phase correction is a linear function of time for constant
Two
relative velocity of the system and the “permanent echo” target.
methods of applying such a phase correction are shown in Fig. 21.27.
The first uses a phase-shifting condenser of the type described in Vol. 17,
Chap. 9. In the second, the phase of the coho signal is shifted in accordance with the instantaneous phase of an electronic oscillator, the proper
The filter required
signal being obtained by single-sideband filtering.
for the method of Fig. 21 .27b is generally impractically sharp—not only
can suitably sharp filters not be obtained, but it is not desirable to have a
narrow-band filter, because a narrow-band filter will have a slow response
to the transient that occurs at each relocking of the coho.
Moreover,
a sharp filter requires that coho frequency be much more accurately
controlled than would otherwise be necessary.
The objectionable requirement of a sharp filter can be relaxed by
the use of one or more intermediate stages of frequency conversion, as
shown in Fig. 21 .27c. The oscillator of frequency jz need not be particularly stable, since its frequency does not affect the final coho signal output
at all. Typical frequency values for such a unit might be jl = 50 kc/see,
j~ = 1 Me/see, ~3 = 30 Me/see (j, can have some value different from
zero even for compensation for targets with zero relative velocity if jl
for such targets is made equal to an integral multiple of the repetition
frequency).
A unit similar to that of Fig. 21 .27c, but slightly more complicated,
has been built and has given successful experimental results. 1
‘ RL Report N’o, 975. A mechanicalcomputerfor varying f, in accordancewith
the velocity of the system and the direction of the beam is describedin RL Report
No. 900.
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P

s

Q
Quench frequency, 562
maximum
usable,
determination
551
Quench oscillator
Quench voltages,

QFO, 546
sinusoidal,

of,

circuits)
552

Series-shunt-peaked
circuit, 22o
707A reflex tubes, 22
707B reflex +ubes, 22
723A/B reflex tubes, 22
726A reflex tubes, 22
SFF control circuit, 71–74
Short-time-constant
circuit, double,

R
t

;

Range, dynamic,
Rmgc-set
Reactance

of output signals, 605

control, 62
tube, 30

Reactance-tube
Receiver,
a-m,

circuit, vhf, 34
relative performance

440
coupling r-f equipment to, 296-300
crystal-video,
1, 5, 504-507
f-m, relative performance of, 440
gain limited, 277
limiting, 596
Iin-log, 583
noise,

limited,

single-sideband,

277
472–478

Selectivity,
180, 554
Self-quenching
circuits, 559
Sensitivity to weak signals, 604
Sensitivity-time-control
circuits (see STC

of,

single overshoot, 526
Shunt capacity, effect of, 518
Shunt-peaked
circuit, 219
Sideband method, single-, 456
Sideband operation, wrong-, 52, 53
Signal, effect of noise on, 210
effects during, 184
effects following, 187
large, ability to handle, 605
minimum discernible, 292

for
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MICROWAVE

Signal, source of,80
special, introduction
strong,

Time constants,
TR tube, 7

of, 232

fluctuation

compression

for,

582
suppression of, by noise, 211
tangential, 292,456
weak, sensitivity
Signal distortion,
Signal generator,

error, 41
f-m, 286-290

velocity-modulated,
103

Spectral distribution
nal, 442

of pulsed

doubleof, 171
f-m

sig-

294

Stability, 126, 135,306
coho, 609
of system, effect of gating

circuit

on,

ing, 295

tubes for, 578
single-cycle,
567
theory of operation
Switched-LO
method,

of, 546
456

T
111
signal, 292, 456

moving,

ATR

for high-frequency

to, 180
Tube selection, dependence
Tube type, 184

on, 306

circuit, 150
(trf) receiver,

1

Tuning range, 21
2C40 tube, 20
2K25 reflex tubes, 22
2K28 reflex tubes, 22
2K45 tubes, 25
2K50 tubes, 25

STC circuits, 251, 252, 374-377
Superheterodyne
receiver, 1
Superregenerative
receiver, 1, 545-578
high-frequency,
velocity-modulated

of various

(see

superregenerative
receivers, 578
(See also various tube types)
Tube capacity,
criticalness with regard

Tuned-plat*tuned-grid
Tuned radio frequency
Tuning coefficient, 31
electronic, 24

243
Stability requirements,
242
Stage performance,
individual, 306
Standing waves, equipment
for measur-

Targets,

mixers, 144
antitransmit-receive

reactance,
30
reflex (see Reflex tubes)
thermally tuned, 25
transmit-receive
(see TR tube)

coupled
comparison

T-network,
Tangential

108
181

tube)

transitionally
tuned circuit,

Spectrum analyzer,
Spike, 8, 10
TR tube, 42

1B24, 10
1B27, 8
TR tube spike, 42

Triode
Tube,

pulse-modulated,
283-286
swept-frequency,
306
Signal-generator
test sets, 278
accuracy of, 290

and

444

Transfer impedance,
Transient response,

to, 604

Silicon, 11
Simplicity,
179
Single-tuned circuit,

RECEIVERS

response
phases,

to, in clutter

604

sensitivity of receivers to, 581
Test equipment, built-in, 301

v
Vhf reactance-tube
circuit, 34
Video amplifiers, high-gain, special problems of, 51>521
Video bandwidth,
213
Video crystals, 508
Video
Video
Video
Video
Video

discriminator,
75
frequency of output signals, 605
limiters, 225
output circuits, 229
peaking of detector circuits, 201

Video pulse generators,
Video receiver, crystal,
Voltage

gain, 85
w

Test points, 301
Thermionic mixer, 19
Thermistor,
280
Thermocouple
meters, 335

Waveguide attenuator,
WE708A tube, 20

3-db bandwidth,

Wide-w2verage

81

311
1, 504

Whippany

effect,

282

187

receivers,

455

