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AUTOMATIC GAIN CONTROLS FOR
TELEVISION RECEIVERS*

By

K. R. WENDT AND A. C. SCHROEDER

Research Department. RCA Laboratories Division,
Princeton, N. Y

Part I
GENERAL CONSIDERATIONS
By

K. R. WENDT AND A. C. SCHROEDER

Summary—The general theory of autonuitic gain contirols for television
receivers is discussed. Several specifie circuits are described in detail with
the advantages and disadvantages of each.

INTRODUCTION

UTOMATIC gain control (AGC) is as important in television
A receivers as in sound receivers, and actually serves more useful
purposes in television than in sound. Manual gain adjustments
in a television receiver are annoying, and a non-technical person
experiences difficulty in learning to set the control properly, since the
optimum level for limiting and sync separation is not easily judged
from the picture contrast. Also, television signals may suffer from
violent fading due to passing airplanes. This can be reduced or elimi-
nated only by a fast AGC circuit. The use of an AGC not only provides
easier adjustment, but also may allow the simplification of portions of
the receiver, such as the sync separator, which would not be required
to operate over wide ranges of amplitude. A properly designed and
operating AGC makes the setting of the contrast and background
controls simple and infrequent. AGC has, however, been little used
because its design has not been sufficiently understood, and the early
circuits have not performed satisfactorily.
In a sound receiver for amplitude modulation, the signal which is
measured and which is held constant by the AGC, or AVC as it is called,

* Decimal Classification: R583.5
373

WWW . americanradiohistorv.com


www.americanradiohistory.com

374 RCA REVIEW

is the average carrier level. This is easily measured because the dec
output of the detector is proportional to the average carrier level. In
a television receiver it is the peak carrier level which must be held
constant by the AGC. This peak carrier level may be obtained by
measuring the voltage of the peaks of the synchronizing pulses at the
output of the detector, provided that the load of the detector has the
same dc as video-frequency impedance. The output of the measuring
device is then fed back to the intermediate-frequency amplifier in such
a way as to decrease the gain as the signal increases. Amplification of
the AGC signal may be obtained by amplifving the signal before peak

measurement or amplifying the dc output of the peak measuring -

device, or both. In either case, the amplification must be de, and in
the former case it must also amplify video frequency. The AGC
measuring device consists of some detector, such as a diode feeding a
capacitor. Since this circuit receives information only during the sync
pulse, which is 8 per cent of the time, the capacitor must hold its
charge hetween pulses.

NoOISE CONSIDERATIONS

A simple peak detector, when used for television AGC, is quite sus-
ceptible to peaks of impulse noise. The noise is predominantly in the
black or increasing signal direction, and may be quite high as compared
with the signal. The peak detector then measures the noise height
rather than the signal height, and may reduce the gain of the receiver
to a small value, giving very unsatisfactory performance under noise
conditions which may be encountered (uite often in outlying areas.
A poor AGC circuit may render unsatisfactory a picture which, with
a good AGC or manual control, would contain nothing more than nearly
unnoticeable short black streaks. Many devices, such as automobiles,
buzzers, electric shavers, ete., produce such interference. It is there-
fore important that AGC circuits be designed with noise immunity as
a primary consideration.

AGC SPEED

After a simple peak detector has responded to a noise peak, it can
return to normal only as fast as the capacitor may be discharged
through its associated resistor. The capacitor may be charged much
more quickly than it is discharged, since it is charged through the
low impedance video circuit and diode. The AGC thus normally is
quicker in responding to than in recovering from a noise peak, the
effect of noise peaks being thereby greatly extended.

It is desirable to have the AGC quite fast in order to have it follow
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fast fading, and to minimize the effect of noise. However, the vertical
sync signal interferes with fast operation. If the AGC is made fast,
it removes a considerable portion of the vertical sync signal and pro-
duces a transient following the vertical signal. The mechanism, briefly,
is as follows: The detector is not a true peak device. It must operate
with a certain area (voltage X time) of the sync extending into the
conduction region of the diode. The horizontal pulses are 8 per cent
of a line interval in width. The vertical pulses, however, are 84 per
cent of a line interval in width, and for the same height pulses approxi-
mately ten times as much current will be drawn during the vertical
pulse. To the AGC circuit this appears as an increased signal. In a
fast circuit the intermediate-frequency gain is therefore reduced during
the vertical until the average diode current approximates that drawn
during the horizontals. The vertical signal is thus reduced, or “pushed
into a hole” by an amount approximately equal to the height that the
horizontal pulses extended into the conduction region. It might appear
advisable to reduce this conduction area by increasing the diode resistor
s0 that it would require less power. Such operation is impractical,
however, due to noise. A small amount of noise power is then able to
take the control away from the signal. Nor is a limiter of much help
with such a peak-operated detector. If the limited noise extends beyond
the sync—and it must, in order to keep the limiter from destroying
the information as to the height of the signal-—the gain of the receiver
will be reduced until the noise no longer fills the limiter. If the received
noise-to-signal ratio were 10 to 1, and this can easily be, the signal
would be reduced to approximately 1/10 the desired value by the AGC.
For noise immunity, therefore, the simple AGC detector must be of
relatively low impedance, and be energy operated, thereby using large
areas of the sync signal. This also means that the circuit can not be
made fast, due to the consequent loss of the vertical sync signal.

EARLY AGC CIrRCUITS

The receivers used in the field tests conducted in the early 1930°s
contained a picture AGC circuit. It consisted of a diode peak detector
coupled directly to the video output of the second detector. The output
of this peak detector was amplified by a triode amplifier and applied
to the intermediate-frequency amplifier grids. The proper dc voltages
were obtained by operating the detector and the cathode of the dec
amplifier at about —50 volts and the plate of the amplifier at —3 volts.

Figure 1 shows the AGC circuit in the field test sets. T: is the
detector, T2 is the peak detector, and T3 is the de amplifier.

The first TRK-12 had a similar AGC except that the peak detector

WWW . americanradiohistorv.com


www.americanradiohistory.com

376 RCA REVIEW

T
_ § @‘—’V'DEO BOTTOMS OF
GRID LEAKS

€HE OF I.F STAGES
Q0SS

-53v. -50v.

Fig. 1—Field test AGC (early 1930’s).

was a triode in a cathode follower type circuit. Figure 2 shows the
AGC circuit in the TRK-12 where T:1 is the detector, Tz is the peak
detector, and T3 is the de amplifier. It was found necessary to remove
this AGC from these sets, partly to make room for a limiter which,
under noisy conditions, was more necessary than an AGC, and partly
because high peak noise caused the AGC to operate unsatisfactorily,
as explained previously. A peak of noise would cause the gz{in to go
down, and due to the long time constants in the circuits, appreciable
time was required for the receiver to return to normal operation. This
caused the picture to flash very badly in the presence of high peak
noise, which would otherwise have been almost unnoticeable.

In both the field test set and the TRK-12 a high peak of noise
charged C from a low impedance to nearly the height of the pulse;
C then had to discharge through the high impedance of the ecathode
circuit of the peak detector.
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Fig. 2—TRK-12 AGC.
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CIRCUITS WITH IMPROVED NOISE IMMUNITY

A satisfactory AGC must be immune to high peak noise. A limiter
is of considerable help in this respect, if used with an energy-operated
AGC detector. If the limiter cuts the noise down nearly to the level of
syne and the noise is narrower than the syne, which it nearly always
is, a detector which works on the energy in the sync peaks will be quite
immune to the noise. It must be emphasized here that such a detector
much be energy operated and use an appreciable area of the sync pulses.

Figure 3 shows a simple AGC circuit which has a limiter before
the AGC detector and which operates quite satisfactorily. Ti is the
detector, T= is the limiter, T3 is the AGC detector, and T, is a glow
tube which brings the dc voltage down to the proper value to operate
the intermediate-frequency grids. Tn operation, the limiter T2 prevents

VIDEO AMP.

GAIN
CONTROL

Fig. 3-—Simple AGC with limiter.

currents flowing through the 3900-ohm load resistor of the detector
if the detected voltage is higher than ground. If the AGC holds the
peaks of sync at approximately ground, the gain can be varied if desired
by changing the output voltage of the detector for zero carvier. This
is accomplished by varying the potentiometer marked gain control.
The signal after limiting is applied to the grid of T, which is cut
off except when the signal approaches ground. In other words, T,
conducts only if the peaks of sync are near ground potential, The peaks
of sync then cause pulses of plate current to flow, which causes the
dc voltage at the plate of T4 to decrease. The voltage at the supply end
of the plate resistor is adjusted so that with no plate current and just
the current through the series combination of the 1.2-megohm plate
resistor, the 991 glow tube, and the 330,000-ohm biasing resistor, the
voltage at the low end of the glow tube (the voltage applied to the
grids of the intermediate-frequency tubes) is zero. Then, when plate
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current flows through T,, causing the plate voltage to decrease, the
voltage fed to the intermediate-frequency grids is also decreased by
the same amount, decreasing the intermediate-frequency gain. The
glow tube need not be of the selected, voltage regulator type, such as
the 991, but can be of the type ordinarily used for illumination.

Another means of improving the noise immunity is by means of a
double time constant arrangement.

As may be seen from Figure 4, this circuit uses one diode fed from
the last intermediate-frequency transformer. Bias is applied to its
cathode to delay the application of AGC bias until the video output is
sufficient for full contrast. Two time constants are used and account
for the improved performance obtained with this circuit over that
obtained from a long-time-constant peak detector as has sometimes
been used. R,;C; form the first time constant which is relatively fast—
of the order of one picture line. R,C, forms the second time constant
and is much longer. It should not be less than 1,20 second. Because
of the short input time constant a relatively small amount of energy is

(& R,

|

stored in C; and by the end of each line the voltage across it has
dropped to approximately the black level at which time C; is again
charged. R, and C, filter out both this ac component and the 60-cycle
component caused by the vertical synchronizing pulses. In the presence

constant integration.

3 fﬁz Fig. 4—Double time

Yy

—snis—

of noise pulses C, is charged to approximately the peak amplitude of
the pulses, but because its capacitance is low the energy stored is small.
The ac component of this energy is removed by the subsequent filter,
and the de component is so small that it affects the AGC output only
slightly. To operate in this ideal manner the R;C; time constant should
be of the order of four or five lines. However, it has been determined
empirically that the AGC voltage is not greatly affected by the picture
content if the R,C, time constant is made as short as one line. Because
the noise susceptibility of the system decreases as the input time con-
stant is decreased, the shorter time constant is more desirable. This
principle can be applied to advantage in many AGC systems.
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SIMPLIFIED FAST CIRCUIT

Due to the desirability of a fast-acting AGC for the elimination of
airplane fading, considerable work has been done in this direction.
In the foregoing discussion of fast circuits, in which it was shown
that the vertical sync signal was removed from the video, no mention
was made of the fact that in such a case the vertical sync signal appears
on the AGC control voltage. Attempts have been made to use this as
the vertical sync signal. Such a vertical is unsatisfactory, however,
since its amplitude varies radically with the incoming signal. For
instance, a strong signal may provide very little vertical sync, since
the intermediate-frequency tubes operate near cutoff, and require very
little signal to change their gain appreciably. Also, the AGC voltage

+300 +135

«KINESCOPE
GRID

+——T0 | F GRID
I33%00 | gaks

-33
Fig. 5—Combined AGC and sync separator.

contains all the low frequency variations in the signal, such as that
from fading caused by airplanes, which makes proper use of the AGC
voltage as a vertical sync signal quite difficult.

It has been found possible to combine the operation of the AGC
detector and the sync separator in such a manner that a satisfactory
sync signal may be obtained with a fast circuit. The video signal still
has the vertical “in a hole”. However, the separated signal has in
effect the AGC signal added to it, as far as vertical sync is concerned,
and that which is lost from the video and appears on the AGC is added
to the separated signal to produce a normal separated signal.

Figure 5 shows a circuit of this type. Up to the grid of the video
amplifier the circuit is identical with the one previously described in
Figure 3. In Figure 5, however, T, is the video amplifier which feeds
the grid of the kinescope. Since the grid of T; is dc-connected to the
detector, the correct second detector dec information is available from
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T, by making itg plate circuit flat to de. This is done by simply choos-
ing the ratio of the plate filter resistance to the screen filter resistance
such that the ac amplification is equal to the de amplification, and
making the two time constants of the filters equal. The plate of T, is
de-connected to the grid of the kinescope so that if the AGC holds the
peaks of sync at a given level it will hold not only the gain constant
but also the black level on the kinescope constant so that there is no
need for an additional de setter. The AGC which is connected to the
plate of T, is also the sync separator. The grid and cathode of T, act
as u peak detector and the detected voltage is dropped to the proper
level by the glow tube T- in a similar manner to the previous circuit.
However, here the time constants are very much faster; in fact the
glow tube and series resistance to the intermediate-frequency grids is
by-passed for high frequencies by the 820-micromicrofarad condenser.
The plate of T, is kept low with respect to its cathode by the large
series resistance to 4300 volts (5 megohms) so that it acts as an
effective clipper. This allows only syne pulses to appear across the
plate resistor and after further clipping by T the sync is fed to the
automatic-frequency control (AFC) sync cirenits. The syne appearing
at the plate of T, has full amplitude vertical even though the picture
signal on the grid of the kinescope has its vertical “in a hole”. This is
because the grid of Ty, which is the AGC output, has the signal on it
which puts the vertical “in the hole”. Therefore the grid to cathode
signal of T, has not lost the vertical sync.

This circuit, then, is a fast AGC circeuvit in which the disadvantage
of losing vertical sync is overcome. Arother incidental advantage is
that, since there is no coupling condeuser to the grid of the kinescope.
capacity to ground on this lead is reduced, allowing greater gain or
bandwidth in the amplifier. Also the three functions of synec separation,
de restoration, and AGC, ave all obtained with a tube which usually
only serves as sync separator.

KeEyep AGC CIRCUITS

Another method of obtaining improved AGC performance is by
means of the keying principle. A keyed AGC system is one which is
turned on, or made sensitive, for only small intervals of time, usually
less than 8 per cent. A narrow pulse, occurring at horizontal frequency,
is used to key the AGC. The pulse is usually obtained from the local
horizontal oscillator, in which case synchronism must be established
for proper operation. The pulse may also be obtained from separated
sync, although this method is much inferior with respect to noise, since
noise peaks become keying signals which measure themselves.
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Keyed systems have several fundamental advantages., First, it the
pulse is 5 per cent, a theoretical advantage of 20 times in noise immu-
nity is obtained, since for 95 per cent of the time noise can not affect
the AGC. Although this full gain is not obtained, since small noise
pulses on a white signal do not affect a simple AGC, nevertheless a
considerable gain is realized. Second, the vertical sync information
is completely eliminated from the AGC, allowing it to be made as fast
as desired without impairing vertical synchronization, and. third, since
the speed of response may be made fast, the effects of rapid fading
are not only reduced, but the receiver quickly recovers from any
residual effects due to noise.

The basic balanced type of keyed AGC is shown in Figure 6.
Many arrangements are possible, but the simplest, providing proper

KINESCOPE GRID
MUST CONTAIN
2ND DETECTOR D.C.

Ti T2
- N A ) — e
Fig. 6—Balanced > w
keyed AGC 6He | R 99|
detector. \/

C2 [C3 C'E TC

2nd detector picture de can be maintained to the kinescope, is the
arrangement shown, in which the AGC detector operates from the
maximum video signal. The keying pulses are supplied by the trans-
former shown, which may be driven by a tube, supplied with a pulse
from the horizontal blocking oscillator, or the horizontal output stage.
Alternatively, the two output windings shown may actually be wound
on either the horizontal blocking, or output transformer, with the
windings connected, of course, such that the pulses are of proper
polarity to drive the diodes into conduction. As the pulses drive the
diodes into conduction, capacitor C; is charged or discharged until
point A ig brought to the potential of the video circuit during the time
of the pulse. The resistance-capacitance circuit across €, supplies
damping and prevents overall oscillation. The dec voltage at A is posi-
tive with respect to ground, and must be reduced by means of one or

~SUPPLY

LK. R. Wendt, “Television DC Component”, RCA Rerview, Vol. IX,
No. 1, pp. 85-111, March, 1948,
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FIRST PULSE

Fig. 7—Oscillator transformer
wave form.

‘\SECOND PULSE
more glow tubes, to a negative potential suitable for the AGC control
voltage. This AGC can be improved by following capacitor C, with a
dec amplifier, or a cathode follower, in which case there is no dc¢ load
on C,.

This keying circuit is independent of the height of the keying
pulses, as long as they are sufficiently high to maintain the diodes open
between pulses for all conditions of video signal.

The keying pulses should be appreciably narrower than the 8 per
cent sync pulse in order to allow some variation in the phasing of
synchronization. Also, for the same reason, the pulse should occur in
the middle of the sync pulse when the synchronizing circuits are oper-
ating normally. For a triggered synchronizing system, this may be
accomplished by using the first of the two oscillator pulses, as shown
in Figure 7. For AFC synchronization, the second pulse may be used.
The location of the pulse, with respect to the synchronizing pulse, may
be varied in the AFC circuit by changing the delay in the sawtooth
signal fed into the AFC, or by changing the total width of the pulse
of Figure 7 by adding capacity across the oscillation transformer, or
by altering the inductance of the transformer.

This balanced circuit can not be used to key on the “back porch,”
in order to improve the dc restoration on the kinescope. This is due
to the fact that the vertical sync pulse occurs during the time normally
occupied by the ‘“back porch.” Hence, wrong information would be
supplied to the AGC, and the vertical sync pulse would be practically
removed, with a severe transient occurring after it. This effect could
be made small by making the circuit very slow, but thereby losing, at
the same time, one of the advantages of keyed AGC.

SIMPLIFIED UNBALANCED KEYED AGC

In this arrangement a pulse in the black direction is added to the
signal, and a normal AGC peak detector is used, or the detector is
pulsed so that it “reaches down” to the sync signal only during the
pulse. If the pulse is added to the video, the sync separation must be
ahead of the AGC since the pulse would interfere with the separator.
Such a system has the following advantages:
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1. Tt has considerably increased noise immunity over a plain AGC,
especially if a limiter is used on the signal, and the pulse is made large
enough to maintain the AGC detector above the clipped noise peaks;

2. It may be made quite fast; and

3. It is somewhat simpler than the balanced type.

It also has these disadvantages:

1. It is very critical to pulse amplitude changes (any change in the
pulse amplitude is interpreted the same as a signal amplitude change) ;
and

2. It is faster in one direction than the other—that is, it is faster
in the increased signal direction, as is a simple AGC. (This limits its
noise immunity, since the effect of a noise pulse is prolonged, and, in
order to make it fast enough in the decreased signal direction, it must
be made very fast in the increased signal direction, and hence sensitive
to noise pulses of very small energy or area that may occur during
the keying pulse.)

EFFECT OF LOSS OF SYNCHRONISM

The keyed AGC can not operate satisfactorily when synchronism
has been lost. Depending upon the speed of the AGC, the pattern
becomes darker or entirely black. This is due to the keying pulse
attempting to hold at black the various portions of the picture upon
which it falls. However, either sync or the limited edges of blanking
are present to act as sync pulses. These tend to synchronize the
oscillator frequency in the normal manner, and when the oscillator
approaches synchronism or passes through the correct phase, normal
conditions are restored by the AGC, and the oscillator can lock in
properly. Although the pull-in range may be reduced somewhat by the
AGC, synchronizing systems have in practice operated normally and
satisfactorily in conjunction with keyed AGC systems.

SOME GENERAL CONSIDERATIONS

The Video DC Amplifier. Any AGC system for television must
maintain the 2nd detector de information to the AGC detector point.
The most economical point for the AGC detector is at the kinescope
where the level is the highest. The easiest method of getting the 2nd
detector dc to the kinescope is a dc amplifier. Usually, the video tube
is a pentode, and some dc is unavoidably lost by the screen grid. As
explained previously, it is possible to introduce into the plate circuit
a low boost filter which can exactly make up this loss. The two filter
time constants should match. However, if the by-pass capacitors are
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reasonably large, and the screen does not have too high a resistor,
compensation becomes quite non-critical. Figure 8 shows such a circuit.
A limiter may be installed before the video tube, but care must be
taken to insure that the de signal is really maintained through the
limiter. A two-stage video amplifier may also be used, in which the
first tube acts as a limiter by being driven beyond cutoff. Such a limiter
is not as sharp as a diode. but is satisfactory for operation with AFC
and keved AGC.

Kinescope Operation with Second Detector de. Operation in this
manner is quite different from operation with a dec restorer. First,
the screen, in the absence of a signal, is white, with noise showing,

KINE G
oHG eAc? |——‘ SYNC, SEP,
AND AG.C.
J‘ :

Fig. 8 — Kinescope
operation with 2nd
-2 N detector de.

+8B

i

which is a definite indication that the station is not on. There is thus
little danger of forgetting that the set is turned on after the station
has signed off. If an unmodulated carrier is on, the screen is black,
which is again a definite indication not obtainable with a separate dc
restorer. This information is very helpful, especially if the contrast
and brightness controls need not be operated. Its chief advantage is
that the de restoration for the kinescope can be made exceedingly
acceurate, yvet no tube or equipment is required other than the AGC.

"GAIN AND TFILTERING IN AGC CIRCUITS

In a sense, all television AGC circuits are keyed. In other words,
information as to the output voltage is received only during short inter-
valg of time. The control, of course, must be made to apply continuously.

The control voltage must therefore be integrated, or stored. This
involves filtering and delay. If the ac gain of the system is too high
it will oscillate. That is, the control voltage may be larger than needed,
which will not be measured until the next pulse, at which time an
opposite correcting voltage will be received, and the system will there-
fore oscillate. The gain of the system must be as low as possible for
frequencies higher than approximately %% the keyving rate, or line
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frequency. The gain below this frequency may be allowed to rise as
rapidly as possible; delays should be avoided.

The dc gain may be quite high. The flatness of the AGC is deter-
mined by the d¢ gain. If the de gain is too high, however, any low
frequency delay, such as power supply filtering, may cause low fre-
quency oscillation or motor boating.

In general, for maximum AGC speed, as in all feedback circuits,
the filtering should all be in one place, which should be the capacitor
receiving the charge from the detecting device. This capacitor should
be by-passed by another larger capacitor, in series with a resistor,
called the damping resistor, which should be adjusted for maximum
stability. All other by-passing should be in the nature of intermediate-
or radio-frequency grounding, and should not cause appreciable delay.
The de gain should be adjusted in accordance with the flatness or
economy considerations desired.

Part 11
A NEW FAST NOISE-IMMUNE TELEVISION AGC CIRCUIT
By
K. R. WENDT

Summary—:\ vew inverted keyed AGC civenit has been developed, which
is fast enough to remove alrplune interference, possesses very high moise
onmanity, and is simple and non-critical. It vequires 1 or 1% tubes, and in
addition restores the de for the kinescope. The de is automatically restored
with the blanking level as the reference. The sync heiyght thus becomes
non-critical, and the noise limiter may actually remove a portion of sync
without an undesivable result,

INTRODUCTION

S EXPLAINED in Part I, television AGC rectifiers must be
of the peak type, and since they operate on such a small area
signal, they become excessively sensitive to noise. Usnal peak

rectifiers have two speeds: the response speed and the recovery speed.
The response is the fast speed, and the recovery the slower. The
response is caused by an increased signal drawing more rectifier cur-
rent, and, of course, the larger the increase in the signal, the more
the response. The slow speed of the cireuit is its own recovery speed,
and applies whenever the cireuit is not drawing current. A sudden
decrease in the signal will be followed only according to a resistance-
capacitance time constant and not at the speed of decrease of the signal.
Since the noise i usually in the increased signal direction, and the cir-
cuit is fast to respond to an inerease in signal, the circuit is therefore
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fast to respond to noise and slow to recover from the effect of noise.
Keyed circuits are an improvement in this respect in that they are com-
pletely inactive between keying pulses. Therefore noise pulses between
the keying pulses have no effect upon the operation of the keyed circuit.
Furthermore, keyed circuits are fast in both directions, so that although
they may respond quickly to a noise pulse they also recover quickly,
thus reducing the effect of noise.

The circuit described herein has been called the “inverted keyed
circuit” because the response to signal is inverted over the previous
rectifier circuits in that it responds to a decreased signal rather than
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Fig. 9—Simplified schematic of inverted keyed AGC.

an increased signal. Furthermore, since it is keyed, no record remains
of noise pulses occurring between keying pulses. A noise pulse which
occurs during the time of the keying pulse usually appears as a sudden
increase of signal. The circuit completely ignores such a sudden
increase, and follows only in its slow speed. When the circuit returns
to normal, that is, when a normal synchronizing pulse arrives, the
circuit responds quickly in this decrease direction and promptly
returns to normal operating conditions. The circuit therefore responds
slowly to noise and recovers quickly from the effect of noise.

THE NEw CIRCUIT

The circuit which accomplishes this inverted keyed action is shown
in Figure 9, in which T, and T, are respectively the second detector
and the video amplifier. Two stages of video could be used, but, in any
case, as explained in Part I, it is necessary for the amplifier to be
de-connected from the second detector to the AGC tube. For simplicity,
no peaking coils are shown in this diagram. The video signal is con-
nected directly to the grid of T3. The signal has its sync pulse negative,
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and is on the order of 50 volts. A negative pulse obtained from a few
turns on the horizontal output transformer is applied to the cathode
of T,. This pulse must be of greater amplitude than the video signal,
and may be approximately 75 volts. The pulse causes current to flow
in T,, depending upon the actual amplitude of the video signal. A large
video signal will be more negative during sync and blanking time, and
will cut off T and very little pulse will be produced. A smaller video
signal will hold the grid of T; more positive and a larger pulse will
be produced. This pulse is connected by way of a capacitor through
an ac connection only, to T,, which is a diode for rectifying and obtain-
ing a dc corresponding to the amplitude of the pulse. On the grid of
T., therefore, a dc exists which is negative for small video signals,
and positive for large video signals. T, inverts the polarity and
supplies an appropriate signal for an AGC voltage. The dc levels
require that a negative supply be used, or at least that the intermediate-
frequency tubes have their cathodes at some point more positive than
the cathode of tube T; The voltage for the grid of T, is, of course,
obtained by the way of an ac connection, and the rectifier T,. The noise
immunity of this circuit is seen, therefore, to come from two causes.
First, the circuit is keyed and is completely immune to noise between
keying pulses. Since the noise always extends negative on the grid of
T;, the noise pulses merely cut this tube off further than it has been
cut off by the absence of the keying pulse and therefore no current can
flow in its plate circuit. Second, due to the inverse action of this circuit,
noise which produces a suddenly smaller pulse from T, does not cause
current to flow in the diode T, and, hence, the noise is ignored by the
circuit. Therefore, regardless of the amplitude of the noise, it is not
measured by the circuit, which merely considers the noise as an increase
in the signal which is followed slowly and from which it can recover
yuickly. If there is any noise in the white direction, however, the cireuit
is sensitive to it. Normally, however, the noise which occurs in this
direction is a result of very infrequently encountered phase and ampli-
tude conditions of the interfering carrier. In order for the detector
output to be reduced by noise, and thus to give a white signal, the noise
must be of approximately the same frequency and amplitude as the
signal, and must remain in a phase opposite to that of the signal for
an appreciable time. An appreciable area of noise which extends
toward white is very seldom encountered. White noise may also be
caused by intermediate-frequency overload. However, intermediate-
frequency overload is minimized by the low impedance of the AGC
driving circuit of tube T,;. This tube may be made to conduct very
large currents necessary for a low impedance, since its current opposes
the change in current in the intermediate-frequency and hence serves
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to stabilize the overall load of the receiver. Also, the circuit opposes
excessive white noise generation due to overload in any tube which has
AGC applied to its grid; i.e., the white noise is a result of bias produced
by grid current drawn by the noise pulses. The AGC immediately
responds to the reduced signal applied to it and reduces the bias, thus
opposing the bias produced by the grid current.

The pulse for operating this AGC circuit, which is applied to the
cathode of T,. is, as has been explained, obtained from the horizontal
output transformer. This gives a low impedance pulse, and since the
load of T, is small, it has no adverse effect upon the horizontal output
circuit. The pulse should be reasonably wide. It may occur during
the synchronizing pulse, but it must occur during at least a portion
of the “back porch,” or blanking level, following the synchronizing
pulse. The pulse must end before the end of this blanking level, or
very wrong information will be obtained. As receivers are normally
operated, this condition obtains because it is necessary for the return
line to occur and be completed during the blanking time of the signal.
Therefore this horizontal output pulse is admirably suited for oper-
ating this type of AGC.

KEYING PULSE ) )
I'ig. 10—The inverse modulated

SYNC
- 4, BACK PORCH pulse.
VIDEO ! o
r? ' '
L Coo
N N

BLANKING LLEVEL REFERENCE

This AGC actually operates by means of the blanking level, and
not the synchronizing peak level. Therefore the actual sync height is
unimportant, and the dc¢ which is used on the kinescope is obtained
from the blanking or true black level. This may be understood by
noting that the signal on the grid of T, is at two levels during the
keying pulse: first, at the synchronizing level, which is the more
negative; and then at the blanking level, the more positive of the two
levels. Therefore the larger pulse on the plate of T, is produced by
the blanking level. The pulse obtained from the blanking level, there-
fore, is the pulse which actually operates the diode, T, and from which
the AGC dc voltage is derived. Figure 10 shows in dotted form, the
signal that would exist on the plate of T, from the video, and in solid
form, the signal that does exist as the result of the video and the keying
pulse. The maximum height of the pulse is seen to occur as a result of
the blanking level of the video signal.
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THE VERTICAL SIGNAL

During the vertical sync signal there is no blanking level during
the time of the keying pulse. This can be seen by referring to Figure
11. The AGQG detector is therefore not operated during the vertical
syne signal and it interprets the vertical as a sudden increase. There-
fore the gain of the amplifier, and the vertical syne signal are reduced
according to the time constant speed of the detector. This fact limits
the speed for this arrangement of the inverted keying system. 1t would
be impossible to operate on the blanking level, or “back porch,” except
by virtue of the inverted system, wherein an increased signal is fol-
lowed slowly, and a decreased signal quickly. The circuit speed is
therefore limited by the response desired during the vertical. If the
vertical signal is treated too severely, the speed must be decreased
somewhat. However, when the vertical signal is reasonably unaffected,
the AGC is still fast enough to remove most airplane interference.

A SIMPLER ARRANGEMENT

In Figure 12 is shown a simpler arrangement of the circuit of
Figure 9. T, itself is made the detector. The plate resistor is made
quite large, and is bypassed by a capacitor which then makes T, a peak
plate rectifier. The dc is generated on the plate and is conducted to
the grid of the AGC output tube, T;, by means of glow tubes such as
the 991. It is not necessary in this application, however, to use the
more carefully selected variety of glow tube, such as the 991. The
commercial ¥4-watt neon lamp without the ballast resistor may be used.
These tubes act essentially as batteries in series with the cireuit from
the plate of Ty to the grid of T, and dc¢ changes appearing on the plate
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are therefore transmitted to the grid of T; except at a more negative
de level. This circuit eliminates one-half of a tube, but uses in its place
the glow lamps. The operation of the circuit is relatively the same as
the operation for the circuit using the diode, except that the gain of
Ty is rediiced somewhat when used as a detector over the application
in which it is used as an amplifier.

FILTERING AND DAMPING

Information for television AGC circuits, whether they be keyed or
not, is obtained only over a small interval of time during the sync or
blanking pulse. This information must therefore be integrated to
control the signal until the next pulse is received. Such filtering is apt
to introduce delays which may cause overswing and oscillation. If the
filtering is accomplished entirely by one circuit, this tendency may be
eliminated. The filtering in Figure 9 is accomplished by the capacitor
C. Some bypass is necessary at each intermediate-frequency grid, but
this filtering should be in the nature only of bypass for intermediate
frequencies and should in no way affect the frequencies necessary
for the AGC control. Since these frequencies are widely different
it is possible to introduce sufficient intermediate-frequency bypass
without introducing adverse delay for the AGC voltage. However,
it is usually necessary to add some sort of damping. This damping
should be introduced across the filter capacitor C. It is shown in
Figure 9 as the circuit C,;R,. C; is approximately 10 times C. R, is
adjusted to give the minimum oscillation conditions. Providing there
are no delays in other portions of the circuit, R, will be found to be
non-critical. When R, is very small, oscillation may occur at a low
frequency corresponding to the frequency of filtering of C,. When R,
is very large, oscillation may occur at the frequency caused by the filter
capacity C. A point midway between these two values gives quite stable
performance.

CIRCUIT ADJUSTMENTS

Figure 18 is Figure 9 redrawn with the required adjustments,
screen supplies, ete. The most essential adjustment is that labeled
“black level control”. This control is not for the purpose of adjusting
the black level on the kinescope, which should be accomplished in the
normal manner, but is for setting the black level near the video noise
clipping level. Clipping may be accomplished by plate current satura-
tion on the video output tube, or by using a two-stage amplifier, and
cutoff clipping in the first tube. In either case, the AGC equilibrium
point must be adjusted by means of the black level control, until the
sync pulses are held just inside the clipping level. The control may be
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Fig. 13—Modified inverted keyed AGC circuit, showing screen
supplies and controls.

a factory adjustment and need not appear on the front of the receiver.
This control operates by varying the dc voltage on the cathode of T,
and hence essentially adjusting the absolute level at which the peak
of the measuring pulse occurs. Since it is the difference between this
measuring pulse and the video which produces the AGC voltage, the
video black level may be made to occur at any desired level by varying
the dc in the pulse circuit as shown.

The other control shown is the video contrast control. This control
adjusts the highlights of the picture without affecting the black level.
As explained above, the black level is held at a fixed plate current level
in T,. If the bias on T, is changed by the dc control, the AGC circuit
will bring the black level to the same value with reference to the
cathode of T, as previously, and the difference between the zero output
of Ty, which is the white level, and the black level, will have been
changed, thus effecting a change in the overall signal swing or the
white level on the plate of T, and the kinescope grid. This control may
be included on the front panel, although the only important control of
this nature is the background control for the kinescope, which, even
80, should need adjusting only occasionally. A properly operating AGC
will maintain the maximum whites at as near as possible the blooming
level for the kinescope under all conditions except those of low
modulation.

If the circuit of Figure 12 has been used, the black level control
shown in Figure 13 is also able to correct for variation in the glow
tubes, and is a satisfactory adjustment for tolerance in these tubes.
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A CIRCUIT FOR MAXIMUM SPEED

In cases where it is desired to increase the speed of operation of
the inverted keyed AGC, a pulse must be used which occurs during the
synchronizing pulse time. The keying pulse must be narrow and occur
only during the synchronizing pulse time, which means that for correct
operation, the keying pulse should occur wholly within the double fre-
quency pulses, which are half as wide as the regular horizontal pulses.
If the keying pulse should last over into the “back porch” time follow-
ing the doubles, their height will be increased by the AGC, and difficulty
will be experienced in properly separating the vertical pulse. Likewise,
if the keying pulse lasts over into ‘“back porch” time following the
regular horizontal pulses, the AGC will operate as described previously,
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and if too fast, will remove the vertical pulse. When a suitably narrow
pulse is used, and it is made to occur on the syne pulse, extremely fast
operation can be obtained without any errors being introduced.

A satisfactory keying pulse may be obtained from the blocking
oscillator. However, difficulty will be encountered in properly applying
such a pulse in the circuit of Figure 13. Figure 14 shows a circuit
which is quite satisfactory. A 6SAT has been substituted for the triode
Ty of Figure 13. The video is applied to the second control grid, and
the keying pulse to the first grid. Black level control is effected by
varying the dc potential of the cathode. The circuit otherwise operates

.essentially the same as the triode circuit of Figure 13, and is to be
preferred over that circuit except for reasons of economy.

UskE or KEYING PULSE WHICH MAY VARY IN AMPLITUDE

In receivers which obtain the second anode voltage from the kick-
back pulse in the horizontal output stage, the pulse varies in ampli-
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tude with changes in kinescope current. The use of such a pulse for
the AGC keying pulse results in an apparent loss of the de component
in the kinescope, and a limiting level which varies with the picture
de component, unless steps are taken to veference the pulse at its
peak. This is accomplished satisfactorily by the circuit of Figure 14
which automatically references the pulse by means of grid current in
the 68SA7. Another circuit for accomplishing this is shown in Figure
15. Actual values are given here for installing the AGC in a receiver
of the 630TS type. It is necessary to de connect the video amplifier,
T, being the output stage. The video which appears across the 3300-
ohm plate load is fed directly coupled to the grid of the AGC tube T..
The cathode of this tube is driven negative by the pulse from the 5V4
damper tube plate. The pulse is reduced in amplitude by the 68K,
22K divider, and its peak referenced by the diode T,; at a voltage
determined by the setting of the 10K black level control. The resist-
ance divider also serves as a series impedance between the pulse source
and the diode T, so that the loading of the diode widens the pulse
to the desired width.

The modulated pulse from T., which appears across the 4700-ohm
resistor, is applied through an .05 capacitor to T;, with the bias
resistor arranged as a divider which essentially applies a positive bias
to the T,, cathode. The pulse then need not become very small (with
T, working near cut-off), when a small amount of rectified de¢ is re-
quired from the diode. The discharge resistor for the diode plate is
returned to ground, which is positive, in order to make the discharge,
or AGC speed, constant regardless of the signal level. The damping
can be improved by connecting it as degenerative from the plate to
the grid of T,, as shown.
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DETAILS OF THE SIMULTANEOUS
EQUATION SOLVER

By

EpwIN A. GOLDBERG

Research Department, RCA Laboratories Division,
Princeton, N. J.

Summary—An electronic device for solving systems of linear simul-
taneous equations such as those encountered in circuit analysis work, quanti-
tative chemical analysis, and a wide range of physical problems is described
in this paper. Emphasis is placed on the actual electrical design employed
in the execution of a practical model and the operation of the device is
considered.

PRINCIPLE OF OPERATION

IGURE 1 is a block diagram illustrating the principle of ovpera-
tion of a computer for solving a system of = linear equations of

the form:
Yi=ap X, + 01X+ + a,. X,
Yo=0, X +apXo+----- + a, X,
Yu = a;;lxl + an.2X2 +oe + a’nan (1)

where the Y’s and a’s are known and it is desired to find the values of
the X’s. The values of all the known constant terms (Y’s) and coefli-
cients of the unknowns (a’s) are set on potentiometers. Voltages
proportional to the unknowns (X’s) appear on the output terminals
of the computing amplifiers and are measured by a potentiometer
bridging method. The actual system of equations which the computing
circuits solve is:

n+1
)’1 = ap, + G > A’] + (112X'_) + """ + a’lan
n+1
Yo=0anX, +{ a0+ 2CEE + 02X,
: n+1
Yn = anlxl + aan'_’ + """ 'l" a’nn + G Xn‘ (2)

* Decimal Classification: R800(621.375.2).
394
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where 7 is the number of equations and G is the gain of a computing

amplifier. Note that this system differs from the system to be solved
n+1

by the addition of the factor

to the diagonal coeflicients. This

discrepancy may be taken care of either by changing the coefficients
7+ 1
of the diagonal terms by the factor

, or by making this term so

small, by making G large, that its effect may be neglected.
In order to handle positive and negative coeflicients, constant terms,
and unknowns, the outputs of the signal generator and each computing
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Fig. 1—Block diagram of simultaneous equation solver.

amplifier are push pull. The system uses an alternating-current signal
generator, and the difference between positive and negative signals is
a difference in phase of 180 degrees.

COMPUTING AMPLIFIERS

The computer circnits comprise a system of amplifiers with many
feedback paths, the nature of these paths being a function of the
system of equations being solved. Consequently, in order that the
computer be useful in the practical sense, the phase and gain character-
istics of the amplifiers must be so controlled that the computer will
be stable (i.e., will not oscillate) for a wide range of equations which
will normally be encountered. This problem has been thoroughly dis-
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Fig. 2—Computing Amplifier.

cussed in another paper on this computer.! It is shown that the com-
puter will be stable for any syvstem of linear equations whose determi-
nant has no characteristic roots with negative real parts. However,
each amplifier and its associated networks must be so designed that
their phase shift does not exceed = 90 degrees in the frequeney range
in which the gain is greater than unity.

Figure 2 is a schematic diagram of a computing amplifier. It
has a gain (G) of about 15000 at the operating frequency of the sig-
nal generator (1000 cyeles), but its phase shift is controlled by net-
works so that it does not exceed = 90 degrees from 0.2 eycle to 5 mega-
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00000
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Fig. 3(a)—Attenuation vs. frequency characteristic of computing
amplifier.

o
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Fig. 3(b)—Phase shift vs. frequency characteristic of computing
amplifier.
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1 E. A, Goldberg and G. W. Brown, “An Electronic Simultaneous Equa-
tion Solver,”Jour. Appl. Phys., Vol. 19, No. 4, pp. 339-345, April, 1948.
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cycles, the frequencies at which the gain is reduced to unity. Figure
3(a) is a set of curves showing the attenuation vs. frequency for each
stage, and also for the overall amplifier. Figure 3(b) is a set of curves
showing phase shift vs. frequency.

Each computing amplifier drives a load consisting of ten “Micro-
pot”* potentiometers. The settings of these potentiometers are the
same as the coefficients of the unknowns in the system of equations
being solved. In order to obtain either positive or negative values for
the coefficients of an unknown, provisions are made for inserting any
coefficient potentiometer either in the plate circuit or the cathode
circuit of the output stage. The total impedances in the plate and
cathode circuits are held constant by the use of a switech for each po-

P t150 - K
Irig. 4—Coefficient polarity ol vl Al
reversing circuit. d\/\/vvzvud ' R G
? Ci

tentiometer. The switch will insert a resistance equal to the potenti-
ometer resistance in the plate circuit when the potentiometer is in
the cathode circuit, and vice versa (Figure 4). This insures that the
push-pull output of each amplifier is balanced at all times.

The arm of each potentiometer is connected to a summing resistor
(R in Figure 1). Each summing impedance consists of a resistor
shunted by a variable condenser for phasing. The resistance value for
the summing resistors is made large relative to the resistance value
for the potentiometers to minimize loading effects on potentiometer
linearity. IKach summing resistor is held within = 0.1 per cent of its
nominal value.

COMPENSATION FOR NON-UNIFORMITY IN THE MICROPOT
POTENTIOMETERS

The linearity of the coefficient setting potentiometers was = 0.1
per cent or better, but compensation was necessary to correct for other
forms of non-uniformity between units.

Most of the potentiometers which were used could not be set to
zero, their total resistance values were not all equal, and the per-
centage of total resistance included for a rotation of 3600 degrees was

* Helical type potentiometer manufactured by Thos. B. Gibbs and Co.
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Fig. 5—Compensation cir-
cuits for micropots.

not the same for all potentiometers. These factors necessitated using
circuits to make all potentiometers perform electrically alike. Figure
5 illustrates the circuits used.

The electrical rotation for each potentiometer was made equal for
3600 degrees mechanical rotation by adding a resistor Rj; in series
with it. The value of R, is readily calculated as follows:

Let R;= Total potentiometer resistance

AR = Amount of resistance traversed by the arm for 3600 de-
grees mechanical rotation

k = Ratio of variation of voltage at arm of potentiometer
to the total applied voltage of the output stage

E; = Resistance to be inserted in series with the potentiometer
to standardize the ratio of electrical to mechanical ro-
tation.

AR
By=——R, (8)
k

The value of R,, the matching resistor,
is given by the equation: R,=R, + R, 4)

Correction for the fact that most potentiometers could not be set
to give zero output was made by the network of resistors R,, R;, and
R; which supplies a current to the summing point A which is equal in
magnitude to that fed to A by the potentiometer B, when it is set at
zero, but 180 degrees out of phase. Rj; and R; are high value resistors,
and R, is selected for each micropot. R¢ and C,. are a network shunted

DISTRIBUTED CAPACITY

Fig. 6 — Equivalent RESISTANCE WIRE

circuit of micropots.

T I T T T T T T 17
~

COPPER MANDREL
z

WWW . americanradiohistorv.com


www.americanradiohistory.com

SIMULTANEOUS EQUATION SOLVER 399

across R, in order to make the phase angle of the matching impedance
the same as the phase angle of the potentiometer impedance at 1000
cycles. The construction of the micropot, is such that its impedance
has a reactive component. The resistance wire is wound on an insu-
lated mandrel of copper, which makes the impedance equivalent to that
of a resistor with distributed capacity, as illustrated in Figure 6. The
impedance looking into such a configuration has a phase angle which
approaches 45 degrees for high frequencies and which decreases in
value 1.41 times per octave. This characteristic was used to obtain
high-frequency attenuation in the 6J6 output stages in lieu of the
low-pass filter shown in Figure 2.
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SIGNAL GENERATOR AND BRIDGING CIRCUIT

The signal generator (Figure 7) consists of a 1000-cycle oscillator
followed by a two-stage amplifier, the output stage of which generates
a push-pull signal to drive the ¥ potentiometers and the measuring
bridge potentiometer. The amplifier has negative feedback so that it
will not introduce distortion as the level is changed.

A potentiometer bridging method is used for measuring the output
voltages of the computing amplifiers. The output of a computing am-
plifier is applied to a summing resistor through a selector switech. The
output of the bridging potentiometer, whose input is connected across
the signal generator, is tied to another summing resistor. The com-
mon ends of these resistors are connected to the input of a high-gain
amplifier whose output is connected to the vertical deflection plates
of the cathode-ray tube. When the potentiometer is set so that there
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is no vertical deflection on the oscilloscope, the voltage at the arm of
the potentiometer is of the sume magnitude as the voltage being meas-
ured, but 180 degrees out of phase. The unknown voltage, X'n, referred
to the signal generator voltage can thus be read directly from the
bridging potentiometer dial. A 10:1 attenuator position is provided so
that values of X»n up to ten (represented by voltages up to ten times
that of the signal generator) may be measured by the potentiometer.
Phase adjustments by means of small adjustable air capacitors are
provided in the bridging circuits to facilitate balancing the bridge when
slight differences in phase (other than the normal 180-degree differ-
ence) exist between the signal generator output and the signal being
measured. A simple network of this sort can shift the phase up to
about 2.5 degrees without causing the magnitude to change more than
0.1 per cent.

POWER SUPPLIES

Voltages of + 200, 4+ 150, + 125, and — 75 are required for the
operation of the computer proper. In addition, voltages of + 300 and
+ 600 are used for operating the signal generator, bridging amplifiers,
and cathode-ray tube. All voltages with the exception of the 4+ 600
are regulated. Electronic regulators are used for the 4 300, 4 200,
+ 150, and + 125-volt supplies. The — 75-volt supply is glow tube
regulated. Figure 8 is a schematic diagram of the power supplies.

Basically, all the electronic regulated power supply ecircuits arve
identical. The main purpose of using regulated voltages is to prevent
interaction between amplifiers and circuits through common power
supply impedance by making the power supply impedances extremely
low. Since the absolute voltage stability required is not excessive, a
glow tube standard is used.

All of the electronically regulated supplies contain two stages of
amplification preceding the series regulator tubes. It was necessary
to incorporate R-C (resistance-capacitance) networks in the ampli-
fiers of these power supplies to eliminate circuit instability by con-
trolling the high frequency cut-off characteristic. Extremely low dy-
namic impedance was required (at 1000 cycles particularly) for the
+ 150-volt power supply because of the nature of the push-pull out-
put stage of the computing amplifiers. This was obtained by increasing
the gain of the regulator amplifier by adding a 1000-cycle parallel
resonant circuit in the plate circuit of the first stage, and also by
inserting a small impedance in series with the load and taking a por-
tion of the voltage drop across this impedance and adding it to the
standard voltage applied to the grid of the first tube of the regulator,
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This latter expedient is known as bridging, and the stability of the
improvement gained therefrom is a function of the gain of the regu-
lator. It is feasible to increase the effective gain and decrease the
effective dynamic impedance from five to ten times by bridging. The
resultant dynamic impedance of the + 150-volt supply was about
0.0001 ohm at the regulating points which are located at a level be-
tween the fifth and sixth computing amplifiers. The 4+ 150-volt bus
is a heavy copper strip so that there is very little voltage drop along it.
Careful measurements indicated more voltage drop at 1000 cycles

e
=

ST

—

[ RIS

Fig. 8—Power supplies. °
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along one foot of this bus than across the regulating points of the
power supply.

CONSTRUCTION

The whole computer is rack-mounted on a special rack. The panel
at the top of the rack contains the signal generator and bridging
circuits used for measuring the values of the X’s. The next ten panels
each contain eleven ten-turn potentiometers (the coefficient and con-
stant potentiometers), the = switches, and the summing resistors.
Connections between each of these panels are made to the proper buses

Fig. 9—Front view of equation Fig. 10—Rear view of equation
solver. solver.

by means of clips so that any one panel may be easily removed for
servicing on the bench the potentiometers, matching resistors, sum-
ming resistors, and phasing adjustments. The lower panel is occupied
by the power supplies. The ten computing amplifiers are each hinged
on the back of the rack so that they may be individually disconnected
from the computing circuits. It is necessary to swing these amplifiers
out in order to change tubes. When the amplifiers are swung into the
closed position, the proper input and output connections are auto-
matically made. Filament and plate supply connections are made
through an octal socket and plug connection for each amplifier. Figures
9 and 10 are the front and rear views of the device.
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Three of the amplifiers are swung out in Figure 10 to illustrate
the constructional features referred to.

OPERATION

A system of equations must be reduced to a suitable form before
being set up on the computer. All coeflicients (a;;) and constant terms
(Y,) must be reduced in such a manner that the maximum value for
any one is unity or less. This may be done by (I) multiplying both
sides of each equation by suitable constants, (II) multiplying the
constants (Y,;) by a suitable constant, and (III) multiplying columns
of coefficients (a;) by suitable constants. Application of step I does
not alter the numerical values of the unknowns. If step I1I is employed,
the results obtained must be divided by the constant used in order to
make them satisfy the original equations. If step III is employed, the
values obtained for the unknowns must be multiplied by the same
constants as those by which the coeflicients of the respective unknowns
were multiplied. The reduction should be made in such a manner that
the largest constant term (Y;) is near unity, and the largest co-
efficient (a;;) in each row and column is near unity. This procedure
will result in operation of the computer at the most favorable scale
factors.

The coeflicients (a;;) are then set on their respective potentiometer
dials, and the cathode-ray tube bridge balance indicator is observed.
If there are no signs of oscillation, the system is stable, and the con-
stant terms (Y;) are set on their respective potentiometer dials. Next,
the X selector switch on the top panel is set to X; and the bridging
potentiometer is adjusted for minimum vertical deflection on the bal-
ance indicator. The setting on this dial is the value of X, This pro-
cedure is repeated for each different X

If the system is unstable, it is necessary to rearrange the equations.
The equation solver is inherently stable for all systems of linear equa-
tions whose determinants have no characteristic roots with negative
real parts. Normally, equations should be so arranged that the largest
coefficient in each equation is a diagonal term and is positive if possible.
This does not necessarily insure that the system will be stable. Any
system with finite values for the unknowns may be made stable if the
number of equations does not exceed half the number that the com-
puter may normally handle. In such a case, the system

Y =AX (5)

where Y is the matrix of constant terms, A is the matrix of the deter-
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minant, and X" is the matrix of unknowns, may be solved by inserting
the constant terms and coeflicients as follows:

o 1 —Ab
Y 4 0 (6)

where I is a unit matrix (diagonal elements of unity and zeros else-
where), — A" is the negative transpose of A (rows and columns inter-
changed, and the signs reversed), and O is a zero matrix (all terms
zero). The unknowns are measured in the normal manner.

The accuracy of the results obtained depends not only on the ac-
curacy of the components, but also on the nature of the system of
equations being solved. When the computer itself is the limiting factor,
the results obtained will normally satisfy the equations within = 0.1
per cent, If the determinant of the equations has one or more very
small chavacteristic roots, the results wiil not be as accurate. Through
the use of an iteration process. however, essentially unlimited accuracy
may be chtained. Iteration consists of the following steps:

1. Set up the equations and solve for the unknowns (X;) in the
normal manner,

2. Substitute the values obtained for the X; into the original
equations. Take the differences between the values thus ob-
tained and the values of (Y,). Call these differences AY,.

3. Change the Y, dials only to KAY, (K generally being 100
or 1000 and chosen to utilize as much scale factor as possible)
and measure KAX,.

4. Add AX; to X to obtain corrected values for X,
If higher accuracy is desired, repeat the process.

The following system of 1=1X,+04X,+01X,
equations was solved on the _ _ . .
T O=—09X, +1X,4+04X, (7
O0=—02X,—04X,+10X,
The computer yielded the X, =+ 0.753
following results: Xo = + 0.531 (8)
X, =+ 0.363

Substituting these values AY, =—0.0017
into the original equations _ =
vielded the following errors: SRR (9)
AY,= .0000
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These errors were multiplied by 100, in- X, = + 0.751290
serted in the computer in place of Y, and B )
100 AX; was measured. The corrected val- s s (U (10)

ues for X; were: X, — + 0.362690
These results, when checked, yielded AY,; =4 .000013

the following errors: AY, = +.000015  (11)
AY, — —-.000004

Circuit problems involve the solution of systems of equations with
complex constants, coefficients, and unknowns. Such a system of =
equations may be readily converted to a system of 2n equations with
real quantities only by equating reals and imaginaries in the original
equations. The resulting system is solved on the computer in the
normal manner.
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SOME NOTES ON NOISE THEORY AND
ITS APPLICATION TO INPUT CIRCUIT DESIGN*

By
WM. A. HARRIS

Tube Department, RCA Victor Division,
Harrison, N. J.

Summary—The mechanism by which noise is produced in an electron
tube and the relation between induced grid noise and plate noise are dis-
cussed. An equivalent civcuit with noise generators supplying voltages and
currents to simulate noise derived from the plate current of a tube, from
the grid by passage of this current, and from the input circuit is then
analyzed to determine the optimum noise factor obtainable under various
conditions. The frequency for which the quantity R., gin 18 unily is seen
to be an appropriate figure of merit for the noise produced by an electron
tube. The frequencies corresponding to chosen values for the moise factor
are presented for several receiving tube types. The paper concludes with a
discussion of the circuit requirements which must be satisfied in order to
obtain noise factors approximating the theoretical values.

INTRODUCTION

OISE generated in the first tube of a receiving system is fre-
\: quently the factor controlling the over-all sensitivity of the

system. An understanding of the mechanism by which such
noise is produced is helpful in the design of receiving equipment, par-
ticularly with respect to the choice of tube types. If the electrons in a
tube were to leave the cathode at a perfectly uniform rate, there would
be no noise, or at least, none in the frequency range in which a tube is
useful. The rate of emission of electrons, however, is not uniform. In
any given interval of time there are probably a few more or a few less
electrons leaving the cathode than the average number for that amount
of time. The classical shot-effect derivations predict the magnitudes
of fluctuations of this sort. Furthermore, because theory and experi-
mental data have revealed the extent to which space-charge effects can
reduce these fluctuations in electron tubes, the noise components of the
plate current of a tube can be computed in many instances.!
At high frequencies, the fluctuation current induced in the grid of

* Decimal Classification: R138 X R161.6 X R361.211.

!B. J. Thompson, D. O. North, and W. A. Harris, “Fluctuations in
Space-Charge-Limited Currents at Moderately High Frequencies”, RCA
Review, Vol. IV: No. 3, pp. 69-285, January 1940; No. 4, pp. 443-473,
April, 1940; Vol. V: No. 1, pp. 106-124, July, 1940; No. 2, pp. 244-260,.
October, 1940; No. 3, pp. 371-388, January, 1941; No. 4, pp. 505-524, April,
1941; Vol. VI, No. 1, pp. 114-124, July, 1941.
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a tube by the passage of the fluctuating plate current through the grid
is another noise source which must be considered. The magnitude of
the mean square of this current is proportional to the component of
input conductance due to transit time.?

Since the grid noise and plate noise are derived in part from the
same current fluctuations, they cannot be treated as entirely inde-
pendent noise sources. Nevertheless, valuable working formulas and
principles have been derived for conditions under which coherence
between grid noise and plate noise can be ignored.® It is possible, more-
over, that the improvements obtainable by taking coherence into
account are not very important for the majority of tubes and circuits
in current use. Theoretical considerations, however, indicate that a
substantial improvement in noise factor may be obtained by taking
advantage of the coherence between grid noise and plate noise if the
conditions assumed for the theory can be realized in actual tubes.
Experimental evidence shows that at least part of this improvement
can be obtained in a practical system.!

In this paper, the relation between induced grid noise and plate noise
is illustrated by an examination of the result of the passage of a single
electron through a tube. Then, the conditions giving optimum noise
factors are derived, using the methods employed by Herold and others.
Herold® showed that the noise factor for a tube is a function of the
product R, g, where R,, is the equivalent noise resistance and g,, is
the input conductance. In this paper, the frequency for which the
product R, g,, is unity is recommended as an appropriate noise “figure
of merit” for a tube. The ratios of the operating frequencies to this
reference frequency therefore can be used as the abscissas for curves
of optimum noise factor.

CURRENT IMPULSES FROM ONE ELECTRON

Figure 1 shows the distribution of potential in a parallel-plate
triode. The potential curve is based on the assumption of a Maxwellian
distribution of initial velocities, with a cathode temperature of approxi-
mately 1000 degrees Kelvin. The dotted curve represents the velocity
of an electron with just enough initial velocity to allow it to pass the
point of minimum potential and continue to the anode. The time of

. ¥D. O. North and W. R. Ferris, “Fluctuations Induced in Vacuum-Tube
Grids at High Freqencies”, Proc. I.R.E., Vol. 29, pp. 49-50, February 1941.

. 3E. W. Herold, “An Analysis of the Signal-to-Noise Ratio of Ultra-
High-Frequency Receivers”, RCA Review, Vol. VI, No. 3, pp. 302-331,
January, 1942.

C4ML T O_. Strutt and A. vanderZeil, “Signal-Noise Ratio at VHF”,
Wireless Engineer, Vol. 23, pp. 241-249, September, 1946.
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T Fig. 1—Potentials and velocities in
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parallel-plane structure this current is proportional to the velocity of
the charge and inversely proportional to the distance between the two
plane boundaries; it does not depend on the position of the charge
relative to the boundaries.® The velocity curve of Figure 1 is applicable
for a charge of the indicated initial velocity. If the velocities for
various points in the cathode-grid space are divided by the distance
between cathode and grid, and the velocities for various points in the
grid-anode space are divided by the distance between grid and anode,
quantities proportional to the current due to the motion of the charge
for these various positions are obtained. Then, the relation between
position and time obtained by integration may be used to obtain a
current-time curve.

The curves of current versus time for the tube structure of Figure
1 are shown in Figure 2. The solid curve shows the current to the grid
and the dotted curve the current to the plate which would result from
the passage of one electron. The choice of the velocity of the slowest
electrons which can reach the anode leads to a computation difficulty;
the time required for such electrons to pass the potential-minimum
region is theoretically infinite. Consequently, transit times are com-
puted from the cathode to a point near the potential minimum on the
cathode side, and from the grid back to a point near the potential
minimum on the grid side. The three rectangles between the ends of
the two curves show the times and currents for charges passing between
the terminal points of these curves with velocities exceeded by 90, 50,
or 10 per cent of the electrons reaching the anode. The use of one of
these velocities would cause some change in the remainder of the curve,
both in the current and the time scale, but the shape of the curve would
be about as shown. The effect of a change in initial velocity on the
current between grid and anode would be almost negligible. The
cathode-to-grid transit time for an electron with an initial velocity

5 8. Ramo, “Currents Induced by Electron Motion”, Pro¢. I.LR.E., Vol.
27, pp. 584-585, September, 1939.
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corresponding to one of the rectangles in Figure 2 is, therefore,
approximately the sum of the transit times represented by the two
curves and the appropriate rectangle. The indicated range is from 6 to
8 X 10-1% geconds. The transit time from grid to anode for the condi-
tions of Figure 2 is about 1 X 10-'9 seconds.

The curve of Figure 2 does not show the compensating effect which
takes place when an extra charge passes through a tube. The potential
minimum is depressed by an amount depending on the position of the
added charge, during the whole time this charge is between cathode
and grid. The result is a reduction of the current, which can be con-
sidered equivalent to the passage of a series of charges of opposite sign
between potential minimum and grid, and the passage of charges of
the same sign but of opposite direction between potential minimum
and cathode. These effects account for the shot-effect reduction factor
computed by Northl. It appears, however, that between the initiating
pulse and the compensating current there is some time delay which
may be important in the determination of the noise at very high
frequencies.

As soon as the extra noise-producing charge leaves the cathode a
small effect on the minimum potential will be noted; some electrons
which are reaching the potentiat minimum at this instant turn back
instead of continuing toward the plate. The effect of the extra charge
persists until it reaches the grid. The compensating effect cannot be
completed until the time at which an electron, turned back because of
the depression of the potential minimum when the extra charge was
near the grid, would have reached the grid had it not been turned back.

T T T T T T T
CURRENT TO GRID S —
——— CURRENT TO
- GLANE ONE ELECTRON
PASSES GRID PLANE
o
' TIME AFTER TIME BEFORE
42 ONE ELECTRON ONE ELECTRON
. LEAVES CATHODE REACHES GRID PLANE
w
-4
w
o
3
<o he—90 % _| T
}I— o ._\50:/' \\_\
i 10 7 —
o SEE TEXT Y
« L] \
=]
O.; T \d
. 1 Al
1x107° sEC. A\l
L]
4 4
o w2 —4 -2 ) w2
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Fig. 2—Grid and plate currents due to passage of a single electron,
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The compensating charges in motion after the passage of the causing
charge, however, must themselves have an effect on the minimum
potential. The complete result, consequently, is probably of the nature
of a damped oscillation with a period related to the transit time of an
electron from cathode to grid. Thus, the curves of Figure 2 do not
present a complete picture of the generation of noise in a parallel-plane
triode, but they do show some of the characteristics of the basic noise
impulses.

It is pertinent at this point to discuss the extent to which grid and
plate noise currents can be made to cancel each other. The pulse shapes
are quite different, so it is evident that complete cancellation cannot be
expected. Partial cancellation may be obtained if a voltage is developed
at the grid by allowing the grid current to flow into a capacitor. This
voltage is proportional to the integral of the grid current and has the
effect of momentarily reducing the plate current. A suitable choice of
capacitor value can give a plate-current pulse of zero net area for
electrons of a particular initial velocity. However, there will always
be some conductance in the grid circuit which will result in a grid-
voltage component tending to increase the noise output. Moreover,
electrons leaving the cathode with velocities too low to allow them to
pass the point of minimum potential produce pulses of grid current
without producing corresponding plate-current pulses.

DETERMINATION OF FREQUENCY SPECTRA

The curves of Figure 3 illustrate the method by which the frequency
spectra corresponding to the grid-current and plate-current pulses may
be obtained. The current which could be measured in the small fre-
quency range represented by de at a frequency »/2x is obtained from
the Fourier integral:

2 2
Ado =— /Fm cos v dA cos ot do + — /Fm sin oA dX sin ot do.

(1

The function Fy, represents the pulse.

When the frequency is low in comparison with the reciprocal of
the transit time, the value of the term cos oA in Equation (1) is nearly
constant over the region in which F, has a value other than zero.
In addition, the value of the term sin oA in Equation (1) can be repre-
sented as a straight line with a slope directly proportional to the
frequency over the same region.

Because the grid pulse has equal positive and negative areas, the
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Fig. 3—Development of frequency CRID CURRENT PLATE CURRENT
spectra. Fo
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considered constant. The inte-
gral containing the sine terms GO =

will have a value which is repre- —J&@L ——K]—
sented graphically by the area under the curve labeled “product” in the
grid-current curves of Figure 3. This area will be directly proportional
to the frequency because the slope of the sin wA line is proportional to
frequency. It will also be proportional to transit time because, if the
areas and shapes of the parts of the F(,, curve are maintained constant
and the base line is extended, the area under the “product” curve will
increase in proportion to the increase in base-line length.

The plate pulse will give a zero value for the integral containing
sine terms if a suitable point of origin is chosen. The integral con-
taining cosine terms, then, gives the current, which is independent of
the frequency when the frequency is low. Because the area of the
plate-current pulse represents the amount of charge producing the
pulse, the current in a small frequency band resulting from a given
amount of charge is also independent of the transit time.

The mean-square noise current measurable in any frequency band
results from large numbers of pulses distributed at random with
respect to time. For the plate current, consequently, the mean-square
current di® in a frequency band of width df can be represented by the

equation dif =k, df (2)
and for the grid current, by dif = ky o? 72 df (8)
where 7 is the transit time, or dif =k, 62 df (3a)

where 6 is the transit angle.

The electronic component of input conductance is proportional to
the square of the transit angle®, so a proportionality between the mean-
square noise current and the input conductance is indicated, thus:

diE = k3 gl df. (4)
North and Ferris? found that the complete relation for grid-current
noise is dit=10,g9, -4k T, df (5)

¢ D. O. North, “Analysis of the Effects of Space Charge on Grid Im-
pedance”, Proe. I.R.E., Vol. 24, pp. 108-136, January, 1936.
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where 6; has a numerical value of approximately 5 when the cathode
temperature is 1000 degrees Kelvin and the reference temperature T,
is approximately 300 degrees Kelvin. The dependence on temperature
is discovered only when the analysis is extended to include the com-
pensating currents.

The plate current noise from a tube may be represented as if it
were derived from a noise voltage at the grid sufficient to produce the
noise current. The appropriate equations' are de® =4LkT R, df (6)

where, for oxide-coated cathode tubes, theory indicates approximately

that, for triodes, R, =25y, (7
I, (2.5 20 1.,
and for pentodes R,y=——{—+ (8)
Ib + Ic:: gm gm2

3

Q)
B . . 9 .
L @ % Fig. 4—Equivalent circuit.
o S | IB N NV, A
]

CIRCUIT ANALYSIS

The circuit of Figure 4 represents the replacement of a real tube
by a fictitious noise-free tube with zero input admittance and suitable
noise generators and external circuit elements. The plate noise is intro-
duced by a constant-voltage generator delivering a voltage e, in series
with the grid. The noise current to the grid, 4,, is represented by a
constant-current generator across the grid circuit. The noise from
the input system, 7, is represented by a second constant-current
generator. The plate-noise generator can be replaced by another
constant-current generator; the voltage output of the plate-noise
generator is multiplied by the total admittance of the input circuit to
give the required current 7,. The relations between the noisé currents
and the tube and circuit parameters are given by the equations:

e, =K VE,, (9) L= (=N KVt (10)
ih=e,(g,+9, +iB) =K VR, (9,+9.+7B) (11)
i,=K V0,0, (12)

where K = \V4rTANf

¢, is the electronic component of input conductance;
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R, is the resistance equivalent for the plate noise, referred to

the grid;

ca

6, is a multiplier relating grid noise to input conductance; its

value is approximately 5 for tubes with oxide-coated
cathodes;

8, is a multiplier representing the ratio of antenna noise to
the noise in a resistor at room temperature;

g, is the antenna conductance, referred to the grid;

B, is the net susceptance of the circuit at the operating fre-
quency.

It isx assumed that the conductance g, can be varied arbitrarily by
some such means as a variable-ratio transformer between antenna and
grid. Also, it is assumed that means such as a tuning capacitor are
provided so that B, can be varied arbitrarily. Ohmic losses in the input
circuit are neglected.

The quantity (—7) in parenthesis in the expression for 7; indicates
that {; may be in quadrature with e, over a specified frequency range.
The preceding discussion suggests that this assumption is legitimate
in the case of a triode, when the frequency is not too high and the
frequency band is not too wide. The assumption is not valid, however,
for a pentode because in that case the larger part of the plate noise
results from the division of current between plate and screen grid!,
and consequently it cannot be correlated with the grid noise.

The total mean-square current from the three generators of Figure
4 can be found as follows: Add i; and i,, taking coherence, if assumed,
into account. Then, determine the sum of the squares of %, the real
part of (i; + i,), and the imaginary part of (i; +4,)- When coherence
is not assumed, simply add the mean-square values of 7, i,, and i..
The results follow:

When a quadrature relation between grid and plate noise is assumed,
the mean-square current is

F=KNgf,+ R, (g, + ¢)t+ (B, VR, — V61902 (13)
When no coherence is assumed
F — I\,:{‘(j,ﬂu + I\')u](-(/l + .qo)z + qu 302 + 01.(]1} (14)

OpTIMUM NOISE FACTORS

Optimum performance with respect to noise is obtained when the
term g0, is as large as possible in comparison with the other terms,
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and, in fact, the noise factor as defined by North?, Friis?, and others is
obtained by dividing Equation (13) or (14) by K*g, 6, and assuming
6, =1. The first step in finding conditions for minimum noise is the
adjustment of B, to eliminate the term in which it appears in either
equation.

Then, either equation can be differentiated with respect to the ratio
91/9, and an optimum value of noise factor can be obtained. The noise
factors after adjustment of B, are given by the equation

gl go
NF=1+R, g9, |—+—+2 (15)
gu gl

when coherence is assumed, and the equation

91 9o A
NF:1+Rqul _+_—+2 +01_‘ (16)
9o [ 9o

when coherence is not assumed.

The minimum noise factors, with the conditions for obtaining them
are

. 91
NF=1+ 4R, 9, (1T) —=1 (18) B2=0,0,*/R., 9, (19)

o
9o

when coherence is assumed; and, when coherence not assumed

NF=1+4+2R,9,+2 V06, E.,0.+ (BR,;0¢)2 (20)

g1
—=VER,9,/00,+R,,9,) (21) B,=0 (22)
9

The quantities R,, and g, are both tube parameters Since they
appear as the product R,, g, in Equations (17) and (20), the magni-
tude of this product indicates the noise performance obtainable from
a tube. The quantity g,, however, varies with the square of the
frequency. For purposes of computation, it is preferable to use as a
reference parameter the square root of the product R,, 9,, which

"D. 0. North, “The Absolute Sensitivity of Radio Receivers”, RCA
Review, Vol. VI, No. 3, pp. 332-343, January, 1942.

8 H. T. Friis, “Noise Figures of Radio Receivers”, Proc. I.R.E., Vol. 32,
pp. 419-422, July, 1944,
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Fig. 5—Minimum noise factor.

16

; 7]
varies with the first power of E'Zﬁ— NN
the frequency. The curves of 3| A/
Figure 5 show the optimum noise g éffnummuns—

ASSUMED

factors for the two cases con- %"‘
sidered, plotted against the quan- > el o
. L 0.0t 002 005 Ol o2 0.5 1 2 3 5 10
tity VR, g, for the condition RATIO {/fa=GiReq

9, =5. If the frequency for which VR, ¢, is unity is designated as
fu» the quantity VR, g, for any frequency f is equal to the ratio f/f,.

The method of analysis described above is essentially the same
as that used by Herold®. The curve for the case of no coherence
(Figure 5) can be identified with one of the curves (Figure 5) of
Reference 3 when differences in the coordinates used are taken into
account. Equation (21), giving the required ratio of tube input
conductance to circuit conductance, is equivalent to Equation (7) of
Reference 3.

The susceptance required for the case of quadrature, as found
from Equation (19), is obtained by the same amount of capacitance
at any frequency. Equation (19) can be rewritten

B(12 = elgl/Req‘ (193)

Because g, is proportional to the square of the frequency and E,,
and 4, are independent of frequency, it is evident that the susceptance
B, is directly proportional to the frequency and, consequently, can be
produced by a fixed capacitance,

COMPARISON OF TUBES

The data for Tables I and II were obtained by calculating values
for the equivalent noise resistance and using measured values for input
conductance for the tube types listed. Table I gives the reference
frequency for noise, f,, and the frequencies for which noise factors of
1, 3, and 10 decibels are calculated for a number of pentode types. No
coherence is assumed between plate noise and grid noise for this case.
Table II gives similar data for two triodes and for several pentodes,
connected as triodes, under the alternate assumptions of no coherence
between plate and grid noise, and a quadrature relation between plate
and grid noise. The 10-decibel column for the quadrature case is omitted
because the indicated frequencies are too high to make the assumption
appear reasonable,
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Table [—DPentodes

Yin Frequency for Noise Factor
Ry (100 mes.) fn (1db.) (3db.) (10db.)
Type ohms micromhos  mes. mes. mes. mes.
6SK7 ....... 11,600 440 45 2.5 8.9 56
6ACT ....... 650 1,730 04 5.3 19 119
6BAG ....... 3,800 580 67 3.8 13.4 85
6AGS ....... 1,900 300 133 7.5 27 169
6AKS ....... 1,900 125 208 11.6 41 262
6BHG6 ....... 2,360 340 122 6.8 24 154
6BJ6 ....... 3,800 275 98 5.5 19.3 124

The input conductance values used in Tables I and 1I were meas-
ured by the susceptance-variation method® and include the effects of
lead inductance. For pentodes, the predominant lead effect ig that
of the cathode-lead inductance, which tends to increase the input
conductance. For triodes, inductance in the plate lead tends to reduce
the input conductance and this effect may be equal or greater than
the effect of cathode-lead inductance. For the triode-connected
pentodes, the input-conductance data obtained with the tubes con-
nected as pentodes are used.

Triode “A” in Table IT is a developmental triode, designed pri-
marily for use as a high-frequency oscillator. The low input con-

Iy

ductance and the consequent high “f,” value recorded for this type

9“Input Admittance of Receiving Tubes”, RCA Application Note
AN-118, RCA Tube Department, Harrison, N. J., April, 1947.

Table II—Triodes and Triode-Connected Pentodes

Frequency for Indicated Noise

Factor
No Coherence Quadrature
R Gin £, Agsumed + Assumed

(Triode) (100 mes.) (Triode) (1db.) (3db.) (10db.) (1db.) (3db.)

Type ohms micromhos mes. mes.  mes. mes. mes. nies.
6SKT7..... 970 440 72 4.0 14 91 18 3¢
SBACT..... 214 1,730 164 9.2 33 207 41 82
6BAG. .. .. 410 580 204 11.5 11 258 51 102
GAGH. .. .. 380 300 294 17 5Y 374 74 148
6AKS5..... 380 125 476 26 92 580 116 230
6BHG6..... 390 340 274 15.4 54 345 68 137
6BJ6.. . ... 185 275 274 15.4 54 345 68 137
6JG. ... ... 470 195 320 18.0 63 410 80 160
CATE L. 360 50 747 42 147 940 186 373

* Developmental triode.
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is probably accounted for by close spacing, high current density, and
a symmetrical cylindrical structure which contributes to uniformity
in the cathode-to-grid and grid-to-plate transit times.

RELATION OF REFERENCE FREQUENCY TO TRANSIT TIME

The reference frequency for noise for a triode depends primarily
on the elec#on transit time between cathode and grid. The noise’
equivalent resistance for a triode is approximately R, =2.57¢, (T)

7

and the electronic component of the input conductance® is approxi-

mately Y1 =¢,,(071)%/20. (23)
The product, therefore, is R, g17= (o7y)% 8, (24)
This product is equal to unity when o7y = 2.33 (25)

so  f,=0.45/7,. (26)

The values of f, obtained from Equation (26) are even higher than
the values given in Table II. The cathode-to-grid transit time for a
tube such as Type 6AKS5 is of the order of 7 X 107" seconds, so the
value of f, from the above equation is

f, =0.064 X 10-1" cycles = 610 megacycles.
The value obtained for Type 6AKS from input conductance data (Table
IT) is 476 megacycles.

It appears that the only way to increase the frequency for a given
noise factor with electrou tubes of conventional design is to reduce
the transit time. Triode types such as the 6J6, 6J4, and 2C43 are
designed with close enough spacings and, consequently, short enough
transit times to give promise of good results in equipment designed
for minimum noise.

IFFFECT OF CIRCUIT LOSSES

An important question with reference to the application of the
curves and tables presented is the attainability of the cireuit condi-
tions assumed. The conditions are not hard to realize in practice, as
the following examples illustrate:

1. Consider the use of Type 6AKS as a pentode amplifier at 40
megacycles. The reference frequency f, is 208 megacvceles, o the
ratio f/f, is 0.192: the product R, ¢, iz 0.037. The calculated noise
factor is 3 decibels. The required ratio ¢, g, is 0.046. Decause the
tube input conductance for 40 megacycles is 19.7 micromhos, the re-
quired antenna loading is 230 micromhos. For a tube input capacitance
of 6 micromicrofarads, the quantity «C is 1500 micromhos; because
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the total conductance at the grid is 250 micromhos, the minimum value
of @ is 6. Higher Q values may be obtained by adding more capacitance
with appropriate inductance values. It is evident that there will be
no serious increase in the noise factor until the conductance of
the added elements becomes appreciable in comparison with 250
micromhos. If the @ is improved to 50 by addition of a resonant
circuit with a @ of 200, the added conductance is approximately 60
micromhos. The noise factor would be increased from 38 to 3.5 decibels
by the added circuit losses.

2. Consider the 6AK5 or an equivalent tube connected as a triode
used at 200 megacycles. Neutralization may be used to avoid feed-
back, but feedback generally does not have an important effect on
the question of obtainable noise factors. The reference frequency
f, is 476 megacycles; the ratio f/f, is 0.42; the expected noise factors,
from the two curves of Figure 5, are 5.1 decibels for no coherence,
2.3 decibels if the quadrature relation holds. In the first case, the
required antenna loading is 2600 micromhos and the resulting @ for
the input circuit is only 2. Adjustment of @ to any moderate desired
value can be made by the addition of circuit elements as before with-
out materially affecting the noise factor. In the second case, the
antenna loading would be adjusted to equality with the tube con-
ductance, which is 500 micromhos for this frequency. Then, the
susceptance which must be added is 5700 micromhos, corresponding
to a capacitance of 4.6 micromiecrofarads.

CONCLUSIONS

The conclusions which may be drawn from this discussion may
be summarized as a set of principles to be followed in the design of
amplifiers for low noise.

1. Choose an input tube with low transit time. For frequencies
above 30 megacycles, use a triode or a triode-connected pentode.

2, Adjust the input circuit with signal-to-noise ratio as the
criterion. This adjustment is most readily made by using a noise
generator, such as a diode, as a signal source.

3. Try the effect of detuning the input from resonance and the
effect of increasing the coupling to the antenna beyond the value
for maximum gain.

When theoretical considerations indicate a very low noise factor,
it may be necessary to pay considerable attention to the design of
the load circuit of the first tube and the input circuit for the second
tube to obtain optimum results.
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THE BRIGHTNESS INTENSIFIER*
By

G. A. MORTON, J. E. RUEDY, AND G. L. KRIEGER

Research Department, RCA Laboratories Division,
Princeton, N. J.

Summary—By certain combinations of optical and electronic means it
is possible to reproduce the image of a scene in greater brightness than that
of the original. A general discussion is given as to the possible improvement
in seeing under low light conditions by the use of such brightness intensifiers,
and the fundamental limit to such improvement is shown to be the statistical
fluctuation in the number of photons entering the eye. When the object
viewed 15 a small luminous area or point of light, a gain in brightness may
be obtained by optical means alone and the electronic intensification adds no
further useful information. When a constant large angular field of view
must be maintained, an optical system consisting of an objective of large
diameter forming an enlarged image on the primary photosensitive screen
of a brightness intensifier can be used to advantage, since the brightness
intensifier permits passing along to the eye the gain in seeing resulting from
the greater photon gathering power of the large objective.

Amn interesting application of the image intensifier would be in render-
ing more information available from medical fluorescent X-ray screens. It
is shown that the information available is limited by the randomness in the
X-ray beam itself, and the only significant gains would be in ease of viewing
or in @ more convenient size of the final image.

INTRODUCTION

is possible to design equipment which will reproduce the

image of a scene projected onto its pickup element in greater
brilliancy than the original subject. Two examples of such equipment
might be cited. The first and most obvious is a television pickup unit
employing an image orthicon and reproducing a scene on the bright
screen of a projection kinescope. The second is the brightness intensi-
fier image tube as illustrated in Figure 1. Here the image is focused
on the photocathode and the electrons released from it are imaged on
a fluorescent screen as in an ordinary image tube. The fluorescent
screen, however, is mounted on a thin, transparent membrane the back
of which has been photosensitized. The light from the fluorescent
screen excites photoelectrons from its photosensitized side. These
electrons are accelerated and again imaged on a second fluorescent
screen. This second fluorescent screen may be the viewing screen or

_T'-\ 1ODERN electronic techniques have reached a point where it
| I / |I
-.-L i )

* Decimal Classification: R800 (621.375 X 535)
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Fig. 1—Two stage brightness intensifier image tube.

may be another intensifier unit similar to the one just described. This
procedure can be carried out for as many stages as desired, a brightness
gain being obtained at each stage.

It is not the intention of the present discussion to consider in detail
the design of any particular type of brightness intensifier, or to discuss
the technical problems involved in its construction or operation. It is
rather to determine what can be gained in the way of vision at lower
light levels and under unfavorable seeing conditions by the use of a
brightness intensifier. In order to do this, it will be necessary to
examine the fundamental limits of the eye under low-light conditions
and to compare them with similar fundamental limits which must
necessarily exist in any type of brightness intensifier that might be
built.

It has been shown that a fairly satisfactory agreement with the
observed performance of the eye at low-light levels can be obtained by
postulating a relatively simple model for the eye, namely, that it con-
sists of an optical system forming an image of the scene before it upon
the retina of the eye; that the latter consists of a photoactive surface
with a quantum efficiency in the neighborhood of 10 per cent; that this
surface is connected to the optic nerve leading to the brain; and that
the information transmitted from this photoactive surface is limited
only by the statistical fluctuations of the photo-effect existing at each
of its elements. Such a model allows rather a direct comparison with
an electronic brightness intensifier system consisting of an optical
system forming an image on a photocathode (which, on the average,
releases one electron for every A photons falling on it) and some means
for producing visible luminescence on the final viewing screen for each
electron released at the photocathode.

It will be shown that if the optical system used with the brightness
intensifier has the same numerical aperture and focal length as that
“of the eye, no brightness intensifier can make it possible to see at
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appreciably lower light levels than can be done with the unaided eye.
However, if optical systems are used, taking advantage of the magnifi-
cation properties, ete. which are possible in the brightness intensifier,
very considerable gains may be expected and it is possible to see under
conditions of illumination which are totally impossible with the unaided
eve. The nature of these optical systems and their expected perform-
ance in conjunction with a brightness intensifier will be considered in
some detail below,

MECHANISM OF SEEING

In order to obtain a quantitative understanding of the mechanism
of seeing, consider the problem of visually differentiating a small
element of area having a brightness B from its background which has
a brightness B,. Any luminous surface emits photons distributed in
time in such a way that the average number of photons per unit area
per unit time in a given solid angle is proportional to the brightness
B of this surface. Thus, if the element under consideration has a size
of 17 square feet, the number of photons emitted by it per second per
unit solid angle will be given by n = (4*B where n is the number of
photons per second and [y the constant of proportionality connecting
brightness and number of photons emitted (T = 1.3 X 10' photons per
second per lumen.) An element of the background having the same
area will correspondingly emit 1, = “(1*B, photons per gecond.

The seeing device collects a certain fraction of these photons by
means of its optical system and receives them on its photosensitive
surface. The problem of seeing the element in question thus resolves
itself into the ability of the seeing device to differentiate between u,
photons per second from an area the same size as the element under
examination and the n photons per second from the test element. For
simplicity, suppose that the seeing device is that illustrated in Figure
2, ITere the element /i is imaged on to the sensitive detector by a lens.
This lens has a focal length f and subtends an angle « at the element [
which is at a distance f from the lens. Conventional optics can provide
the following relations between the brightness of the element and the
number of lumens L falling on the image of this element formed on
the detecting device.

(1)
D f ne h
w=-—; l=—"h; L=BFsinfez=nRBl«*; L=BF—=F8"- -,
7 a f? a:
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Fig. 2—Generalized seeing device.

Consequently, the number of pho-

tons received per second on the

image of the element is given
n?

by n=HL =B —— D

a2
(2)

Before proceeding further it is necessary to assign some properties
to the sensitive element. For simplicity first the unrealistic assump-
tion is made that the device is sufficiently sensitive to detect each
separate photon. Furthermore, it will be assumed that the sensitive
device integrates the effect of the photons over a time t corresponding
to a persistence of vision. Based on this model, the image of the test
element will receive

h?
N =B — D% (3)
d?

units of signal during the period of integration. An element of equal
area adjoining it will receive
hz

N, =B, — D% (3a)
d2

units of information. The difference signal will, of course, be N —N,.
If the arrival of photons were not a random process (N — N,) might
be a very small quantity and still be distinguishable. However, the
statistics of random events indicates that the average N arriving
at the image of the test element per integration interval will have
superimposed on it a fluctuation whose root-mean-square value is pro-
portional to the square root of the number of photons reaching this
point. Unless the difference N — N, is larger than the fluctuation in
N, it will be fundamentally impossible to detect the element in question.
The extent to which N — N, must be greater than the square root of
N depends upon the degree of certainty required in the determination
that the difference actually exists. This conclusion can be easily
modified to take into account the more realistic detector or seeing
device whose quantum efficiency is not unity but has some fractional
value A. A quantum efficiency A means that only one out of every 1/A
photons will produce a useful signal. Therefore, the relation indicating
the possibility of distinguishing the test element now becomes
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AMN—N,) =y (AN)?} (4)

where y is the number of times the difference signal must exceed the
root-mean-square fluctuation to insure detection. Rzeferring back to
Equations (3), (3a) and (4), the condition required for detection can
be written as follows:

h?
AB = yB¥ (G — D2t) .
d2

AB
Furthermore, if contrast be defined in the usual way as C=—
B
h?
the following relation must hold C =y (A — D)+ B+
d‘.?.
B\*
or C*\ — | =K/B (5) where K = y2(AGHD*)-.
d

I{ is a quantily which depends only on the character of the optical
system and the properties of the photosensitive detector. This deriva-
tion shows that for a given element size and brightness level there is a
fundamental lower limit to the contrast step that can be detected.
Furthermore, for optimum performance the seeing device should
integrate or count the whole area being resolved rather than attempting
to discriminate the difference in brightness by evaluating the number
of photons arriving on some constant small area, e.g. an area corre-
sponding to the limit of its maximum resolving power. It is interesting
to note that the eye is found to have just this property as will be
discussed later.

Equation (5) suggests that it might be convenient to name as a
figure of merit a small element defined as follows:

C'~’< ho\?2 C0
]

where Q is the solid angle subtended at the eye by the test element.
With the aid of Equation (5), M’ can be expressed as follows:*

M’

* The symbol M will be reserved

for the efficiency of seeing in the case , AGHD*
of an extended image where angle of M =BxXx - (6)
view cannot be sacrificed. ¥?
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Fig. 3—Optical means for improv-
ing seeing.

tion to brightness, quantum effi-
D2 ciency, and y, the figure of merit

A’ depends upon the diameter
of the viewing lens or objective. Where the seeing device is the unaided
eve, this diameter is simply that of the pupil. Tt is obviously possible
to increase AI’, the figure of merit by the purely optical means illus-
trated in Figure 3. The improvement in the value of M’ can be calcu-

@ Thus, it is evident that in addi-

lated as follows:

Iiy?
Cr—— D3t
d* ALY D.»
— ——=1; Ses—— (7
h? My IDnE
(A= ==
d?

From Equation (7) it will be seen that M’ is increased by a factor
equal to the square of the ratio of the diameter of the new objective
to that of the pupil of the eve. This is the principle upon which night
glasses are based. Further, it is evident from the above that no form
of brightness intensifier can improve the value of M” over that obtained
by the eye using an optical syvstem having the same absolute diameter
(and some absorption losses) unless the quantum efficiency of the
photosensitive detector of the brightness intensifier exceeds that of
the retina of the eve.

PERFORMANCE OF VARIOUS SEEING DEVICES

A great deal of work on the part of many scientists! over a period
of almost half a century has been done in the field of vision and the
human eye in order to evaluate the signal-to-noise ratio and quantum
efficiency of this very efficient seeing device. The quantum efficiency on
the basgis of these investigations has beemn estimated to lie between 1 and
10 per cent with 5 per cent as a good working value.

On the other hand for a photosensitive surface such as might be
used in a brightness intensifier, a fair value of the photoelectric yield
is 50 to 100 microamperes per lumen. Inasmuch as 1 lumen is consti-
tuted of some 10" photons per second, the quantum efficiency of the
photoelectric surface in question is of the order of 5 per cent. Since

1 A. Rose, “The Sensitivity Performance of the Human Eye on an
Absolute Scale”, Jour. Opt. Soc. Amer., Vol. 38, No. 2, pp. 196-208, February,
1948,
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the quantum efliciency of the present known photoelectric surfaces does
not exceed that of the eye, the type of brightness intensifier under
consideration has no advantage over the unaided eye working with a
suitable optical system for viewing a small element. Thus, if one wishes
to see a star which is invisible to the unaided eve, one uses a telescope
of large aperture (e.g. a 200-inch telescope) and views the object
directly.

Figure 4 is a curve?® indicating the performance of the eye relative
to the performance of an ideal viewing device (quantum efliciency 1)
together with the performance of an image orthicon television pickup
tube, super XX pan photographic film, and a hypothetical brightness
intensifier. The ordinate of this curve is the figure of merit for a single
element while the abscissa is the scene brightness. It will be noted
that the performance of the brightness intensifier and the eye parallel
one another over a considerable range, but that there is a threshold
to the brightness intensifier. This threshold is due to the background
illumination of the viewing screen of the brightness intensifier. Some
form of background is rather fundamental to all types of brightness
intensifier. For the intensifier illustrated in Figure 1 for example, it
is the resvlt of thermionic emission from the first photoelectrie surface.

-
10
10°
-y I
10 ———
M |
JIDEAL ‘
“ DEVICE
10 ‘
SUPER XY
5 |
10 — :
‘ |
% | o
[o‘ ==y L= 1 —
) |
| “ | | \
INTENSIFIER
RS ! |
0”7 L | e L !
107! [l 1o o 0~ 102 o' [ o

SCENE BRIGHTNESS - FOOT [AMBERTS

Fig. 4—Performance curves of various seeing devices.

2 A. Rose, “Television Pickup Tubes and the Problem of Vision”,
ADVANCES IN ELECTRONICS, Academic Press Inc.,, New York, 1948
(in press).
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The thermionic background can be reduced to a minimum (and possibly
well below the background of the eye) by properly choosing the long
wavelength threshold of the photoemitter, by cooling the photocathodes,
etc., but it cannot be reduced to zero in a practical device.

In the case of a brightness intensifier in the form of a television
system, the d-c or average value of the background can be reduced by
properly biasing the viewing tube, but the fluctuations in this back-
ground cannot be eliminated and, therefore, represent a threshold.

WIDE-ANGLE VISION

When considering the question of seeing an extended image where
it is important to retain a large angular field of vision, the problem
is quite different. It is evident from the above that the optical methods
used to permit seeing a small element under condition of illumination
such that it cannot be seen by the unaided eye required an optical
system which enlarged the image of the element on the sensitive area
and, therefore, decreased the angular field of vision. Since this con-
clusion is fundamental for any type of optical system, it is not possible
to lower the threshold for viewing an extended object, where the angle
of vision must be kept constant, by purely optical means.

In considering the case of viewing an extended object, a line of
reasoning is used similar to that followed above. A schematic dia-
gram of a generalized seeing device is illustrated in Figure 5. Where
this seeing device is the eye, the sensitive element is the retina while
the lens system is the pupil and iris. This assumes that an extended
object viewed is at a distance d from the device and covers an area A
which completely* fills the angle of view of the eye. It can be assumed
to be made up of small elements of area h? each varying in brightness
and thus making up the picture elements of the scene. From the optical
arrangement of the elements of this system, the following relations are

obvious:
hi\?2 hf\? D?
L=B|—) sinfa=B|— ) —
d d f?

0

but F=4-— and
d?
h? D’
L=B——FE — (8)
A f?

Fig. 5—Seeing device for wide-
angle vision.
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where A is the area of the scene and E the area of the sensitive surface
Q D2
or L=B—F
o S
where Q is the solid angle of a test element and ¢ the solid angle of view.
Proceeding as in the case of viewing a single element, the condition
which must be satisfied in order to insure the differentiation of a par-
ticular picture element of the scene from its neighbors is found to be:

(8a)

1 Q D*
—>=gfyA—E-—tB (9)
(6 ¢ f
DZ
or =KB where K = G(yAE — 1.
CcQ f?

This leads logically to a figure of merit 3 for viewing an extended
image related to the scene in question and the seeing device as follows:

Thus from Equation (9):
M — i — i_ D?
co O UL

X Et X Gy (10)

2

Clearly M is a measure of the number of image elements that can be
seen and the contrast between the elements.

¢
IMPROVEMENT IN SEEING USING BRIGHTNESS INTENSIFIER

Considering again the case where the seeing device is the human
eye, the first question to be asked is can the figure of merit for viewing
an extended image, wherein ¢ is fixed, be improved simply by optical
aids. It will be noted from Equation (10) that the only two optical
factors which enter into the expression for the figure of merit M
are the F number (i.e., FF = D/f) of the lens and the area E of the
viewing device. Since in the case where the viewing device is the eye,
the value of E is fixed by the size of the useful area of the retina, the
optical system associated with the eye as an aid to seeing may not
produce, in combination with the lens of the eyve, a focal length longer
than that for the normal eye. Also, since the iris of the eye will be
the aperture stop of the system, the F number or numerical aperture
of the system cannot be greater than that of the unaided eve. Conse-
quently. no purely optical device can be devised which will lower the
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brightness threshold for seeing without decreasing the effective angle
of vision.

Where the primary surface upon which the optical system forms
the image is the photocathode of a brightness intensifier, the situation
is quite different. No longer is there a limit to the area of this sensi-
tive surface nor is there any a priori limitation on the numeriecal
aperture of the optical system. Therefore, it is possible with the bright-
ness intensifier and optical system illustrated schematically in Figure
6 to surpass greatly the unaided eye in its ability to see under low levels
of brightness.

With this arrangement, the larger diameter of the lens as com-
pared to that in the eyve permits the collection of a greater number of
photens from the element being viewed. At the same time the larger
area of the sensitive surface does not require any reduction in the
angle of vision in spite of the greater focal length of the lens. The
enhanced image appearing as output of the image intensifier is just
bright enough so that the number of photons entering the pupil of
the eye from an image element is equal to the number of photons enter-
ing the larger aperture of the objective of the system from the cor-
responding element in the object being viewed. The observer's eye is
placed at such a distance from the final image on the intensifier screen
that it subtends the same angle of view as would have the original
scene when viewed with the unaided eye. The amount of useful image
brightness intensification which should be produced by the brightness
intensifier is equal to the ratio of the area of the objective of the
device to the area of the pupil of the eye.

In the foregoing it was assumed that the size of the image repro-
duced by the brightness intensifier was equal to that of the image
focused on its sensitive surface. Under these circumstances, the total
number of lumens from the reproduced image must be equal to the
product of the number of lumens falling on the photocathode and the
ratio of areas of the objective lens and pupil of the eye.

However, the brightness intensifier system can be arranged in such
a way that the reproduced image is smaller than the image formed
on its photocathode, the reproduced image being viewed through a
magnifier. This arrangement is shown schematically in Figure -7.
When a system such as this is used, the same brightness relationships
hold between the image on the photocathode and the reproduced image.
However, since the area of the latter is now smaller, the required
number of lumens put out by the device per lumen incident is smaller by
the ratio of the area of the primary image to that of the reduced final
image. Indeed it can be shown that even with an intensifier which
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simply produces one lumen of light per lumen of light incident can
give any degree of lowering of the brightness threshold of vision lim-
ited only by the size of the objective forming the primary image.
There are also certain practical limitations encountered in the design
of the magnifying ocular for viewing the reproduced image.

In practice it is found most expedient to obtain most of the thresh-
old lowering through the lumen gain of the brightness intensifier, but
at the same time to use xome reduction in size of the reproduced image
as compared to that of the original image.

To summurize the foregoing, it is possible to lower the limit of
brightness for threshold vision in the case of an extended object, where
the angular field of view is predetermined, by the use of an image
intensifier. (It is not posxible to accomplish this by means of a passive
optical system alone.)

The extent of the lowering of the threshold for vision is determined
by the ratio of the area of the viewing lens to the area of the pupil
of the dark-adapted eve.

LIMITATIONS IN USE OF BRIGIITNESS INTENSIFIER

The preceding discussion raises a number of points which require
further consideration. Tirst, the lowering of the threshold of vision
by the use of the brightness intensifier as outlined above is not ob-
tained without sacrificing some of the properties ot the eve. Here the
point of performance that ix lost is depth of field. Simple optical
considerations show that the depth of field is determined by the diame-
ter of objective forming the image on the photocathode of the bright-
ness intensifier, just as in the case of a photographic camera it is
determined by the absolute diameter of the objective of the camera.
Since the improved “signal-to-noise ratio” of seeing is only obtained
through the use of a larger diameter objective, depth of focus is neces-
sarily lost.

A second point of interest is the question of whether or not it is
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undesirable to use greater brightness intensification than is warranted
by the “signal-to-noise” considerations of the over-all device. As was
pointed out earlier in the discussion, one of the properties of the eye
is that of integrating picture elements in such a way that the area over
which photons are integrated increases as the number of photons
per unit area decreases. In other words, as the “signal-to-noise” ratio
gets poorer at the retina, its resolution decreases in such a way as
to maintain a balance between contrast perception and definition. If
the brighfness intensification of the device is too great, the resolution
of the eye will not adjust itself to match the information available in
the image end, therefore, the eye will not be able to see as well as
though a smaller brightness intensification had been used. This effect
is not altogether uncommon. For example, one place where it may be
encountered is where a halftone picture is too greatly enlarged. Such
a picture when held at the normal viewing distance, so that every detail
that is in the reproduction can be resolved by the retina, is almost
unintelligible. However, when viewed from across the room, or at
such a distance that the individual dots making up the halftone screen
are not resolved, the picture becomes intelligible and gives the infor-
mation that it was intended to give. Similar effects can be obtained
when an ordinary photographic negative is over-enlarged or when the
gain control on a television receiver is set too high. However, it might
be mentioned that the deleterious effect of over-brightness intensifica-
tion increases slowly with brightness and it is probably desirable to
operate a practical instrument with some over-brightness intensifica-
tion inasmuch as it tends to increase the comfort of the observer.

APPLICATIONS

Among a number of applications of the brightness intensifier, the
use of the device to enhance the brightness of an image from the
fluorescent screen used for X-rays warrants specific consideration.
Modifications of the brightness intensifier for this purpose are shown
in Figures 8(a) and 8(b). In Figure 8(a) the image of the fluorescent
screen is reproduced on the sensitive element of the brightness intensi-
fier by a fast objective. With .this arrangement, the image on the
intensifier sensitive surface may be reduced or magnified as desired.
The second form shown in Figure 8(b) is that where the fluorescent
screen and photocathode are essentially the same surface. This gives
optimum optical coupling between the photocathode and fluorescent
sereen, but obviously permits only unity magnification.

Considerations relating to the signal-to-noise ratio that can be
obtained from a fluorescent image and reproduced in the final image
of the intensifier are exactly the same as the general relations given
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Fig. 8(a) Brightness intensifier used with x-ray screen. Fig. 8(b)

above. However, another aspect must be considered in this connection.
This is that the X-ray photons each possess considerable energy and
a relatively small number per unit area per second is required to pro-
duce visible luminosity in the fluorescent screen. For example, a single
photon of X-rays corresponding to 60 kilovolts releases several thou-
sand photons of visible light from an efficient fluorescent screen. Such
a flash from a point source should be visible to the eve when the point
is viewed with a 10-power magnifier. Under these circumstances, the
amount of information seen on the fluorescent screen used with an
X-ray tube is not necessarily limited by the low-level of luminosity
of the screen itself but rather by the small number of X-ray photons
reaching a unit area of the screen per second. Where the information
is thus limited, a brightness intensifier cannot increase the informa-
tion obtained from the screen. When it is desired to observe the image
at the normal viewing distance an image intensifier may be used to
maintain the brightness level at such a value that the eye usefully
absorbs approximately one light photon for each X-ray photon. A
rough estimate indicates that the useful brightness intensification that
can be used with an X-ray screen is ten times or less. Some further
intensification may increase convenience of viewing but intensification
beyond this will cause an actual loss in information that can be seen.

It is, however, possible to use the brightness intensifier to advantage
in connection with X-rays. This is when the arrangement shown in
Figure 8(a) is used and the optical system produces a considerably re-
duced image on the sensitive area of the brightness intensifier. With
such arrangement, a reduced fairly bright image of, for example, the
entire chest and abdomen of the subject examined can be produced.
This reduced image can be made bright enough so that the eyes of
the observer function under conditions of photopic vision so that
visual acuity is high. However, if the size of the image is correctly
adjusted, the normal limitations of the perception will be just sufli-
cient so that the eye could not attempt to glean more information from
the image than is present in the original image on the X-ray fluorescent
screen.
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Where the brightness intensifier is used simply to reduce the bright-
ness required for seeing, very real gains can be obtained if appropriate
optical systems are used. For example, it is quite feasible to make the
optical objective used with the brightness intensifier a Schmidt sys-
tem with an aperture 10 inches in diameter. Since the diameter of the
dark adapted eye is about 14 inch, this means that only 1/1600 of the
amount of light required for the unaided eye will give equivalent vision
when the brightness intensifier is employed. This figure is probably
optimistic because of inevitable optical mefficiencies and certain losses
in the brightness intensifier itself. However, it can be predicted with
a good deal of assurance that such a system would result in the lower-
ing of the brightness required for equivalent vision by two or perhaps
three orders of magnitude.

CONCLUSION

Experimental studies of the performance of the eye show that the
limit of contrast and detail perception of the eyve, working under con-
ditions of low-level illumination, is determined by the limiting signal-
to-noise ratio resulting from the fundamental statistical fluctuations
in the photo effect produced by photons entering the optical system of
the eve. No syvstem of brightness intensification using an optical sys-
tem equivalent to that of the eye and having a photosensitive primary
element with a quantum efficiency no greater than that of the eye can
hope to enhance the performance of the eye. Where the object viewed
is a small luminous element and the angle of view is not important,
considerable gain in sensitivty is possible through optical means.
However, for this purpose a magnifying system is used having an
objective which is larger in diameter than the pupil of the eye. Such
a system produces an enlarged image of the object being seen on the
retina of the eye and at the same time decreases the angle of vision.
Where it is necessary to retain a constant large angular field of view,
no passive optical system can give improved seeing. Here, however,
an optical system consisting of an objective of large diameter form-
ing an enlarged image on the primary photosensitive screen of a
brightness intensifier can be used to advantage since the brightness
intensifier permits passing along to the eye the gain in seeing resulting
from the greater photon gathering power of the large objective system
used. It might, therefore, be said in conclusion that the gain in see-
ing which can be achieved by a brightness intensifier is not the result
of the action of the brightness intensifier itself, but actually the re-
sult of the greater absolute aperture of the objective which can be
used when a brightness intensifier is intermediate between the objec-
tive and the observer’s eye.
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THEORETICAL ANALYSIS OF VARIOUS SYSTEMS
OF MULTIPLEX TRANSMISSION®*t

By

VERNON D. LANDON

Research Department. RCA Laboratories Division,
Irinceton, N. J.

NOTE: The first portion of this paper was published in the June 1948
issue of RCA Review (Vol. IX, No. 2) and contained: Complete Summary;
Introduction (including Outline, Specification of Systems, Definitions and
List of Symbols); Signal-Noise Analysis. (A limited number of copies of
the June 1948 issue of RCA Review is still available for those desiring a
complete file on this multiplex transmission analysis.) The remainder of
this paper which is published herewith includes:

Minimum Signal Requirements; Bandwidth Economy; Impulse Noise,
Cross Modulation and Interference Analysis; Propagation Study; Experi-
mental Results.

The Manager, RCA Review

MINIMUM SiGNAL REQUIREMENTS

Thresholds of the Various Systems

The threshold of any system is the received power required to real-
ize the wideband improvement and is equal to,

P =KTBF,C, (57)
where K = Boltzmanns constant
= 1.37 X 10-23 joules per degree Kelvin
T — absolute temperature
= 293 degrees approximately
I} = the effective noise bandwidth

F', = the noise factor” of the vreceiver, usually about 12 decibels
or 16 to 1 power ratio for frequencies above 500 megacycles

C, = the ratio of signal power to noise power at threshold for a
particular systen.

=8 for AM, AM-AM, FM-AM, and SS-AM

# Decimal Classification: R460 X R148.

¥ This paper summarizes work done under contract with the U. S. Army
Signal Corps.

7 For a definition and general discussion of noise factor (or noise figure)
sece H. T. Friis, “Noise Figures of Radio Receivers”, Proc. I.R.E., Vol. 32,
No. 7, page 419, July, 1944.
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=8 for AM-PM, FM-PM, and SS-PM
= 8Dn for PAM-AM
= 32Dn for PPM-AM, PNM-AM, PWM-AM
— 8 for PAM(=)FM, PPM-FM, PNM-FM, PWM-FM*. (58)
nD = duty factor (of a pulse system)
KTB — the available noise power from the antenna
= 0.40 X 10-2° watts per cycle of bandwidth times B

KTBF, = the noise from the whole receiver expressed as the equivalent
noise applied through the antenna.

— 6.40 X 10-20 watts per cycle times B (59)
P,=0.512 X 10-'% watts per cycle times B (60)
(for AM, AM-AM, FM-AM, and SS-AM, also for AM-PM,
FM-PM, SS-PM and SS-PM-FM)
P,=0.512 X 10-1% watts per cycle times nDB for PAM-AM

P, =12.05 X 10-'¥ WDB for PPM-AM, PNM-AM, PAM-PCM-AM
and PWM-AM

P,=0.512 X 10-8 B for PPM-FM, PNM-FM, PAM-PCM-FM and
PWM-FM

P, == 0.512 X 1018 B for PAM (=)-FM

nf’lll

while for PNM-AM and

3
In PAM-AM and PPM-AM, =D =

21 nf
PAM-PCM-AM, n) = — . Thus P, is independent of B for these
B

systems, providing B exceeds the minimum value for system operation.

Comparison of Systems on the Basis of the Received Signal Power
Required for a Given Signal Noise Ratio in the Output Circuit

The previous analysis of S/N ratios was made to compare the sys-

* This is on the basis of threshold being when the highest noise peaks
equal carrier amplitude for both AM and FM. Some engineers use a 2 to 1
factor for FM, stating that threshold is where noise peaks have an ampli-
tude % that of the carrier. Others make use of a1 to 1 ratio as used here.
It is true that for a 1 to 1 ratio of signal to noise some very high modulation
frequencies are generated in the limiter. However, these are mostly out-
side the pass band, and the time duration of the disturbance from a single
pulse is so short that the response in the audio-frequency band is minute.
The balanced diseriminator also helps to minimize such disturbances except
when they occur on modulation peaks. The 1 to 1 peak factor, or 8 to 1
on a power basis will be used in this report.
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tems for signal noise ratio with a given bandwidth, assuming that all
systems are operated above the threshold level. This is satisfactory if
the maximum bandwidth is given and the best signal noise ratio at
a given range is desired.

On the other hand if it is desired to obtain maximum range with
a specified signal noise ratio, then the comparison must be set up a
little differently. Most systems have the characteristic that the signal
noise ratio may be improved, at the expense of a poorer threshold, by
widening the bandwidth. To obtain maximum range with a given
signal noise ratio or better, the bandwidth of the system must be
adjusted so that the signal noise ratio at threshold is equal to the
specified minimum value. If the bandwidth is wider than this value
the range is reduced because the threshold has a higher value. If the
bandwidth is narrower, the range is reduced because the signal noise
ratio is lower at all points.

To make the comparison on this basis it is necessary to,

(1) Obtain the formula for the signal noise ratio at threshold.
(2) Set this equal to the desired minimum signal noise ratio.
(3) Solve for the bandwidth.

(4) Solve for the threshold at that bandwidth for the particular
System.

For the pulse systems (PAM-AM), (PPM-AM) and (PNM-AM),
the threshold is independent of the bandwidth. In these cases the only
reason for adjusting the signal noise ratio to the minimum acceptable
value at threshold is to economize on bandwidth.

In a large number of cases, the bandwidth required to obtain the
desired minimum signal noise ratio at threshold, is so great as to be
impractical. In view of this, it seems reasonable to set a maximum
value of bandwidth. The figure chosen is 10 megacycles. A somewhat
larger figure could be used but the gain per stage would be quite low
in the radio-frequency and intermediate-frequency amplifiers. The
powers required for other bandwidths can be readily obtained as ex-
plained later.

System Characteristics Required

In order to obtain a comparison under widely varying conditions,
the system types will be compared on the basis of four different sets
of specifications.

www.americanradiohistorv.com


www.americanradiohistory.com

436 RCA REVIEW

1. A 4 channel system
Signal to noise ratio required (including cross talk)

(peak) 40 decibels
Assumed signal to noise ratio required on random

noise (peak) 46 decibels
Equivalent signal noise ratio on an r-m-s basis 55 decibels

2. A 12 channel system
Signal to noise ratio required (including cross talk)

(peak) 50 decibels
Assumed signal to noise ratio required on random

noise (peak) 56 decibels
Tiquivalent signal noise ratio on an r-m-s basis 65 decibels

3. A 48 channel system
Signal to noise ratio required (including cross talk)

(peak) 60 decibels
Assumed signal to noise ratio required on random

noise (peak) 66 decibels
Equivalent signal noise ratio on an r-m-s basis 75 decibels

4. A 72 channel system
Signal to noise ratio required (including cross talk) 60 decibels
Assumed signal to noise ratio required on random
noise 66 decibels
Equivalent signal noise ratio on an r-m-s basis 75 decibels

Type of Summation to Be Used

In all of the frequency division systems two equations are presented,
one for linear summation and one for root-mean-square (r-m-s) sum-
mation. For AM-XX, and FM-XX where the sub-carriers are not
suppressed the linear summation equations should be used if n is small,
and the r-m-s summation equation when n is large. For the following
minimum signal calculations the linear equations will be used for
n =4 and the r-m-s for n =12, 48, and 72.

While it seems probable that it is slightly optimistic to use r-m-s
summation for n =12, the error cannot be great. For FM-AM the
r-m-s, and linear summation equations give the same result for n = 8.
TFFor n = 12 the indicated value of S/N is greater for r-m-s summation
than for linear in the ratio of 1.2 to 1. The true answer must lie
between these two values. A greater possibility for error lies in the
two AM-XX systems where allowance is made for channel modulation
in the linear summation equations and not in the r-m-s summation
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equations. This probably makes the results slightly optimistic for these
two systems for n = 12, and somewhat pessimistic for n = 4 where the
linear summation equations are used.

For SS-XX, the sub-carriers are suppressed and the proper type
of summation depends on the type of service being transmitted. In
particular it depends on the crest factor of the modulation of each
channel. For 2-way telephone service the crest factor in each channel
is greater than for a large number of channels. Hence the signal noise
ratio is always somewhat better than the r-m-s summation equations
indicate and the linear equations should never be used. The amount
that the signal noise ratio is better than indicated by the r-m-s equa-
tions has been calculated from data available.?

The values are as follows:

n improvement factor

4 2 decibels or 1.26 voltage ratio

12 4 1.58
48 7 2.24
72 8 2.5

The value approaches 12 decibels or 4 to 1 for very large values of
n. For these values the assumption is made that the volume is adjusted
to the same average level in each channel. If this is not done the
improvement factor is slightly larger especially for large values of n.
The improvement factor is not included in later calculations because
the type of service is not specified.

The Improvement Factors on SS-XX Systems Derived

The above factors were obtained from Reference 8 in the following
manner.

Curve A of the figure is a plot of the r-m-s test tone capacity
required, plotted as a function of the number of channels. Volume in
each channel is assumed controlled to the level —12.1 decibels. Curve D
is linear at 8 decibels per octave and is asymptotic to Curve A, and
hence D is a plot of the test tone capacity which would be required if
the complex signal (all channels added) had a crest factor equal to
that for random noise. (This is true because we know that the crest
factor is the same as for random noise when = is very large.)

Extrapolating curves A and D to » =1, it can be seen that the two
intercepts are at +6 decibels and —6 decibels, indicating that the crest

8 J. T. Dixon, “Load Rating Theory for Multichannel Amplifiers,” Bell
Sys. Tech. Jour., Vol. 18, p. 638, October, 1939 (Figure 7).
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factor for a single channel is 12 decibels greater than for random noise.
Let a line E be drawn parallel to D through the point +6 decibels for
1 channel. This line E represents the test tone capacity that would be
required if the crest factor on the multichannel signals were the same
as for a single channel.

As stated above the values of curves A and D for 1 channel shows
that the crest factor for a single average channel is 12 decibels greater
than the crest factor of random noise. (Presumably this includes 6
decibels for the difference between an active channel and an average
channel, since this latter is active 25 per cent of the time. Then the
remaining 6 decibels is the increase in crest factor of an active channel
over that of random noise.)

Since the crest factor of random noise is 12 decibels, a transmitter
will be modulated 100 per cent by the highest peaks of this noise if the
r-m-s noise voltage is 12 decibels below the peak value of a voltage
giving 100 per cent modulation. Then the r-m-s vcltage of a single
average signal that is to modulate a subcarrier must be kept 24 decibels
below the peak voltage giving 100 per cent modulation.

Thus if there were only a single channel and it were modulated
by this hypothetical average signal, the level of this latter must be
set to the —24-decibel value just given. One might assume that for
n channels each must be set to this same level. In fact, Equations (18)
and (20) assume that the crest factor for # channels is the same as
for one channel. Actually the crest factor decreases from 24 decibels
for 1 channel to 12 decibels for a very large number. The difference
between curves E and A represents the magnitude of the decrease for
any number of channels. This difference is the source of the factors .
quoted. The factors represent the amount by which the modulator
volume control can be advanced over that allowable when a constant
crest factor (equal to that for 1 channel) is assumed.

The above applies accurately to SS-AM systems. For SS-PM, the
analysis does not apply exactly because the frequency deviation caused
by the various channels is different. This means that, for the purpose
of solving for the improvement factor, the effective value of n is less
than the actual value, so that the improvement factors tabulated above
may be slightly too large.

For one-way telephone, the improvement factor is reduced by not
more than 3 decibels, and less for small values of n.

Multiplexing Telegraph Signals
It is a general practice to utilize (under some circumstances) each
audio channel of a multiplex system for multiplexing many telegraph
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channels. These telegraph channels may be either AM or FM on audio
frequency sub-carriers. It is believed that the number of such channels
will never be few enough to warrant the use of linear summation in
the SS-PM system. For the AM case the r-m-s value of a single

D,
telegraph channel is its peak value times — where D, is the duty

factor of the telegraph signal. For the FM case the r-m-s value of a
single channel is the peak value divided by 2.

In case a noise measuring set such as the Western Electric Type 2B
is used, the appropriate weighting factor (for the changed fidelity)
should be used.

Caleulation of Minimum Signal Power Required

The value of the minimum signal power required to produce the
desired signal noise ratio R, may be calculated from the formula,

R?
P,=P,

3 (61)
Where P, =the power required in the signal wave at threshold.
(See Equation (60).)
R, =the desired signal-noise voltage ratio (peak).

R, =the signal noise voltage ratio in each channel of the out-
put circuit of the system under discussion when operated
at threshold =R,R,.

S/N (XX-XX)
S/N (AM)

R,=S/N (AM) (peak) at the signal strength required for
threshold in the XX-XX system.

<B >A <C, (xx-XX)>”é
S ————————— } (See Equation (58).)
2f C, (AM)

As pointed out in the last section, for systems in which the value
of S/N increases with B, the lowest value of P, is obtained when B is
adjusted to the point where R, = R,. Then P, = P,.

Minimum Signal Required for (AM-AM)

For this system the signal noise ratio is independent of the band-
width when above threshold. Hence there is no use in adjusting the
threshold to occur at the point where minimum acceptable signal noise
ratio is obtained. If the bandwidth has the critical value or less, then
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the signal power required to produce the desired minimum signal noise
voltage ratio R, is,

R

P =P, 5
R2R?

Where P,=0.512 X 10¥4nf,, (From Equation (60))

R, =the required signal noise ratio

R,—=-—— (For linear summation, see Table III)*
4in

R,=S/N (AM) at the signal strength required for threshold
in the AM-AM system.

< B >/ <cf (AM-AM)>
\ 2, C, (AM)

B \% M 1
= <—> = (2n)*% (See Equation (58)); —— —=4n.
2

2f m g

o a
Then P, =0.512 X 10-8 4n f,, R,? 4n = 8n°R,? 2f,, 0.512 X 10-18 watts

For a ratio of signal to combined noise and cross talk of 40 decibels,
it seems reasonable to set 46 decibels as the limit for signal to random
noise, or R, =200, R,>=40,000. The value of f,, is 3500 cycles per
second and n = 4. Then P, (for n = 4) = 40,000 X 7,000 X 0.512 X 10-18
X 128 = 18,300 X 10-!2 watts.

For n = 12, the r-m-s summation equation is used so that,

1 V2 1
R,=—; R, R,=—; = 8.
4nt 4 RR,?

Substituting this value for 4n in Equation (61) gives,
P, (for n =12) = R2 KT2f, F,C, X 16n.

I'he new value of R,? corresponding to 56 decibels is 400,000. Then,

P, (for n=12) = 400,000 X 7000 X 0.512 X 10-18 X 192
= 275,000 X 10-1? watts.

For larger values of n and R,, P, varies directly with = and R,?, so that

* Part I, p. 350—RCA Review, Vol. IX, No. 2, June, 1948.
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48 4,000,000
P, (forn =48) = — X ———— X 275,000 X 1012
12 400,000

=40 X 275,000 X 10~ = 11,000,000 X 10-'* watts
P, (for n =72) = 1.5 %X 11,000,000 X 10-'*> = 16,500,000 X 10-!2 watts.

Minimum Signal for (AM-PM)

For this system the required minimum signal noisc ratio R, may
be set equal to the signal noise ratio at threshold,

R,=R,R,—=R, (62)
S/N (AM-PM)
~ S/N (AM)

where R, (See Equation (6) or (9))*

R,=S/N (AM) at signal strength required for threshold in the
AM-PM system =

) o) ()
=|—— ) (See Equation (58))
2f C, (AM) 21,

Using the linear summation formula for R, (See Table III)

V2 B B \ %
Rt:_— X e :200
8 n? fc 2f7n

B,= (R, 8n*f.f,}) % = bandwidth for (S/N = R,) at threshold (63)
B, (forn=4) = (200 X 8 X 16 X 5000 X 59) %
= 3.85 X 10% cycles per second.

For this value of the bandwidth the power P, required for the
required signal noise ratio (R,) is equal to the power at threshold (P,)
and P; (forn=4) =0.512 X 10-* X B, = 1.97 X 10-12 watts.

For » =12 the r-m-s summation equation for R, is used so that,
R, =R,R, (See Table III)

v3 B B \* P
- : B, = (16 ZRESD B (64)
16 n*/2 fc zfm 3

B, (n—=12) — (16 X .815 X 630 X 5000 X 59) % X 12

21.8 2 10° ¢ycles per second.

* Part I, pp. 310-311.

wWwWWwW . americanradiohistorv.com


www.americanradiohistory.com

442 RCA REVIEW
P, (forn=12) =0.512 X 108 B, = 11.2 X 10-!2 watts.

For larger values of n and R,, P, and B, vary directly with I2,2/3 and
n, (See Equation (64)) so that,

B, (n =48) =21.8 X 10% X 4 X 101/3 = 188 X 10° cycles per second
By (n="T2) =188 X 10°% X 1.5 = 282 X 10° cycles per second

P, (n=48) =0.512 X 1071 X 188 X 10° = 96 X 10> watts

P, (n="T2) =0.512 X 10-18 X 282 X 10° = 145 X 10-12 watts.

The bandwidths given above for = =12, 48 and 72 are probably
impractically great. For such cases it seems reasonable to assign an
upper limit to the band width and solve for the received power required
for the system at that bandwidth. Threshold will not then be involved.
This bandwidth limit will be arbitrarily chosen as 10 megacycles, but
the rate of variation of the required power with bandwidth will be
specified in each case to make the calculation easy for other bandwidths.
For the AM-PM system, the signal noise ratio varies directly with b.
So at a given signal noise ratio, B and the carrier voltage are inversely
proportional. Then the power required (for n =12, R, = 630, B =10) is

Po(n=12) =11.2 X 10-12 X 2.18% = 53 X 10-1* watts
Pio(n=48) =96 X 1012 X 18.82 = 34,000 X 10-1 watts
Pio(n="T2) =145 X 10-12 X 28.2? = 116,000 X 1012 watts.

Minimum Signal for FM-AM

For this system, the S/N ratio compared to AM, for linear sum-

mation is,
V6 B B \*%
Ry=— (See Table I11I); R,=| ——
8 n? fm 2fm
0.217 B¥/* R, 2\ %
R,=————=R,R, (65); B, = X frm (66)
72 £ 802 0.217 '
3200 \ %
Bn=4)=|— X 3500 = 2,100,000.
0.217

For this bandwidth P, =P,, and
P,(n=4) =0.512 X 10-8 B, = 1.08 X 10-'2 watts.

For n = 12 and larger the r-m-s summation equation is used for E,.
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The equation is the same as that for AM-PM except for the factor
fm

——. As a result of this factor all values of B, and P, (for n > 12) are

f"‘ fm -
smaller by the factor [ —— | or 0.79. Then,
fe

B, (forn =12) = 0.79 X 21.8 X 108 =17.2 X 10¢ cycles per second
B, (for n =48) = 0.79 X 188 X 10% = 148 X 10° cycles per second
B, (forn =172) = 0.79 X 282 X 108 =222 X 10° cycles per second
P, (forn =12) =0.79 X 11.2 X 10-12 = 8.85 X 10-!* watts

P, (forn =48) =0.79 X 96 X 10-12 =176 X 10-1*> watts

P, (forn =72) =0.79 X 145 X 10-12=114.2 X 10-!2 watts.

If a maximum bandwidth of 10 megacycles is set, the required
received power can be calculated from the above using the fact that a
given signal noise ratio, B and the carrier voltage are inversely pro-
portional. Then,

Py (n=12) = 8.85 X 1012 X 1.72? = 26.0 X 10 ? watts
Py (n=48) =176 X 1012 X 14.82 = 16500 X 10 "> watts
P, (n="1T2) =114.2 X 1012 X'22.2? = 56,300 X 101* watts.

Minimum Signal for (FM-PM)

3 B B \%
R,= — for linear R, <—>
2 2n2f,, summation; 2f.,

V3 B2 R, n* %3
Rt - ) Bt — fm (67)
4 n2 fﬂls/Q

3200 \ *
B, (n=14) = X 3500 = 1.83 X 10° cycles per second.
0.433

For this bandwidth P, = P, and,

P,(n=4) =0.512 X 10-8 B, = 0.68 X 10-12 watts

For » = 12 or larger the r-m-s summation equation is used so that,

R, = RR, (See Table 111)
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3 B <B> 3vV2 B

16 w32 f, 2f

32 wmd/Rf B

B, = (153 R)*¥*nf, (68)
B, (n=12) = (7.53 X 630)2/3 X 12 % 3500 = 11.8 X 10¢ cycles per second.
Equation (68) shows that B, varies as # and R;*°. Then

B,(n=48) = 11.8 X 10° X 10'/% % 4 =102 < 10° cycles per second
B, (n="72) =102 % 10" » 1.5 = 153 X 10° cycles per second
P,(n=12) =11.8 X 10° X 0.512 X 10-¥ = 6.05 X 10-'* watts
P,(n=48) =52.3 > 10¥ watts
P,(n="T2) =785 X 10" watts.

If a maximum bandwidth of 10 megacycles is set, the required
received power can be calculated from the above using the fact that

at a given signal noise ratio, B and the carrier voltage are inversely
proportional. Then

Po(n=12) = 6.05 X 10 1 X 1.18 — 8.42 X 10** watts

Py (n=48) — 52.3 % 1012 X 10.2¢ — 5,450 X 10-12 watts
Pio(n="T2) =T8.5 X 102 X 15.3¢ = 18,300 X 10-1? watts.

Minimum Signal for SS-AM

In this system the signal noise ratio is not a function of bandwidth
as long as the signal is above threshold. The minimum signal for the
desired signal noise ratio R,, (assuming r-m-s- summation) is,

R: R
P —P, = 0512 X101 2uf, — —— (See Equation (61))
2 SR
1 B \*% nf.\ %
R,=— R,=|— A
nt 2fm fm
1 fm
= P,—0.512 X 108 2nf,, R,?
R2R.? fe

P,(n=4) = 0.512 X 10-1* X 8 X 3500 X 200*= 574 X 1012 watts.
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Since the r-m-s summation equation for R, is used for all values of
n, the values of ’, may be computed from the value for 7 = 4 assuming
that it varies directly with o and R

P.(for n =12) =574 X 10712 X 3 X 10 = 17220 X 10-* watts

P, (for n = 48) = 690,000 X 10-1? watts

P (for n = "T72) = 1,040,000 X 10-1* watts.

The bandwidth rvequired to transmit the signal is 2nf, in each
case or,

B, (for n = 4) = 40,000 cycles per second

B (for n =12) = 120,000

B, (for n = 48) = 480,000

B, (for n =172) = 720,000.

Minimum Signal for (SS-PM)

Ro = ; Ru -

: _
2 n¥ jfv 2f i

R, =

V3 B 400 V2
= =200; B, =
2 V2w f 0

—— 02 fof,} (69)
V3

3200 V2

%
X 5000 X 59> = 0.84 X 10°.
V3

B,(n=1) = <

For this bandwidth P.= P,. and

P,=0.512X 10 B, = 0.512 X 10-"* (

2N2 R, w ff, A\ %
V3 >

P, (forn =4) = 0512 X 10 ¥ X 0.84 X 108 = 0.430 X 10-12 watts.

The values for larger values of n and K, may be calculated directly
remembering that B, and P, vary directly with n and R,*/3.
B, (for n = 12) == 0.84 X 10% X 3 X 103 = 5.4 X 10 ¢ycles per second
P,(forn =12) = 2,77 X 102 watts
B, (for n=48) = 46.5 3 10" cycles per second
P,(for n = 48) = 23.8 X 101> watts
B, (for 2. —=172) = 70 X 10° cycles per second
P,(for n="T2) = 35.9 X 1012 watts.
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If a maximum bandwidth of 10 megacycles is set, the required re-
ceived powers for n =48 and » =72 can be calculated from the fact
that at a given signal noise ratio the carrier voltage is inversely propor-
tional to B. Then,

P y(n=48) =23.8 X 10-1? X 4.65 = 515 X 10-'? watts

Pio(n="T2) =35.9 X 1012 X 7> = 1760 X 10-'2 watts.

Minimum Signal for (PAM-AM)

The signal noise ratio is independent of bandwidth providing the
bandwidth exceeds a minimum value. The minimum received signal
power for 200 to 1 signal noise ratio is,

P.(n=14) = 0.512 X 10~ X 7000 X 2002 X 4 = 574 X 10-%

The minimum value of B = 4nf, =4-3-4-3500 = 0.168 X 10% cycles per

second.
For larger values of n and R;, P, is proportional to #n and R,? so that,

P, (for n =12) =574 X 10-2 X 8 X 10 = 17,220 X 10-12 watts
P, (for n = 48) = 690,000 X 1012 watts
P, (for n ="T2) = 1,040,000 X 10-!* watts.

The minimum values of B for system operation are as follows:

B,(for n =4) = 0.168 X 10° cycles per second
B, (for n =12) = 0.505 X 108 cycles per second
B, (for n = 48) = 2.02 X 108 cycles per second
B, (for n = T72) = 3.03 X 108 cycles per second.

Minimum Signal for (PAM = FM)

= B B \% B3/2
e i R,=|——) ; R =R,R;=0184 ——.
° 12w I ¢ 2f ' oFa w2 f, 8/

The bandwidth for (R, = E,) at threshold is,

Rp23af,
Bj=——— (69a). For R, =200, n =4, f,, = 3500
0.184%/3
200\ %
B, (n=4)={—— % 4 X 3500 = 1.5 X 108 cycles per second.
.184
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For this bandwidth P, = P, and P, =0.512 X 10-'8 B,
P, (forn =4) =0.512 X 10-'8 XX 1.5 X 108 = 0.77 X 10-'2 watts.

B, and P, vary as n and R,*? so that (See Equation (69a))

B, (n=12) =1.5 X 10% X 8 X 103 = 9.7 X 10° cycles per second

P, (n=12) =0.77 X 1012 X 3 X 103 = 4,97 X 1012 watts

B, (n=48) =1.5 X 108 X 12 X 10%/3 = 84 X 10% cycles per second

P, (n=48) =0.77 X 10712 X 12 X 102/3 = 43 X 102 watts

B; (n="T2) =84 X 10% X 1.5 = 126 X 10% cycles per second

P, (n=172) =43 X 10-12 X 1.5 = 64.5 X 10-12 watts.

If a maximum bandwidth of 10 megacycles is set, the required
received powers for n =48 and n = 72 can be calculated from the above
using the fact that at a given signal noise ratio the required input
voltage is inversely proportional to the bandwidth. Then,

Py (n=148) =43 X 1012 X 8.42 = 3050 X 101> watts

P, (n="172) =64.5 X 1012 X 12.62 = 10,250 X 10~ watts.

If cross talk balancing is used, then
R,(PAM +=FM) =0.555B f,, ' n %2 =0.555 n-tr,

This value of R, is better than that obtained using Equation (6a) by
the factor 2.12. Then the values of B, and P; are reduced by the factor
(2.12)%/3 or 1.65, so that,

B(n=4) = 0.91 X 108 cycles per second

P,(n=4) =0.465 X 1012 watts

B;(n=12) = 5.9 X 108 cycles per second

P,(n=12) = 3.0 X 1012 watts

B,(n=48) = 51 X 10° cycles per second

P,(n=48) = 26 X 102 watts

B;(n="T2) =76 X 10% cycles per second

P,(n="T2) =38.7T X 1012 watts

Po(n=148) =26 X 10-12 X 5.12 =675 X 10! watts

P y(n="T2) =38.7T X 1012 X 7.6 = 2,250 X 10-'* watts.

Minimum Signal for PPM-AM

The signal power required at threshold is independent of bandwidth
and is equal to,
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P, =205X10%X3nf, (see Equation (60))
P,(n=41) =2.05 X 3:4:3500 X 10" = .086 X 1012

For larger values of 2 and R,, P, varies directly with », but not at
all with R, so that,

P,(for n =12) = 0.086 X 1012 X 3 = 0.258 X 102 watts
P, (for n = 48) = 1.03 X 10> watts
P,(for n =72) = 1.55 X 1012 watts.

The output signal noise ratio improves with increased bandwidth.
To obtain R, = 200,
R,=R,R,, R,=————— (See Table 1II)

< B >1 <C, (PPM-AM) \ % < B \% 32Dn
R,= -
*" \oy, C; (AM) 2fm 8

(See Equation (58))

B % 3n fm E E /E
N 4 =9 ‘ —_pt =14 t — (forn=14)

2flll B

2 B 3 9 2
Rt(fOl' 7124) - — 4 ; s Bt:—Rt ni/2 ful — (70)
9 n3¥f, 2 8 3

B, (n=4) =1.125 X 200 X 8 X 3500 X 0.815 = 5.15 X 10° cycles/second.

This is a minimum value. Larger values would do as well since the
threshold would be the same and S/N would be better.

To obtain the desired values of signal noise ratio with larger values
of #, the minimum value of B varies directly with #» and R, so that,

B, (for n =12) =3 X 3.16 X 5.15 X 10" = 49 X 10° cycles per second

B, (for n = 48) = 620 X 10° cycles per second

B, (for n = 72) = 930 X 10° cycles per second.

If a maximum bandwidth of 10 megacycles is set, the required
received powers for n =12, n =48 and n =72 can be calculated from

the above using the fact that at a given signal noise ratio the required
<ignal voltage is inversely proportional to the bandwidth. Then,
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Po(n=12) = 0.258 X 10-12 X 4.92= 6.2 X 10-'2 watts
Po(n=48) =1.03 X 10 2 X 622 = 3950 X 10 1* watts
Pio(n="T2) =1.55 X 102 X 932 = 13500 X 10-12 watts.

Minimum Signal for PPM-FM

2 B} B \*
Ro = : Ru = -
3 fm:'_, ’” 2fﬂl

V2 B 3
R,=RR,=-——— Bi=-——R,f.n (1)
3 fan V2
3 X 200 X 3500 X 4
B,(n=4) = = 5.92 % 108 cycles per second
1.414

P,(n= 4) =0.512 X 108X 5.92 X 10° = 3.03 X 10-'* watts
B,(n=12) = 5.92 X 10° X 3 X 3.16 = 56.2 X 10° cycles per second
B,(n=48) =56.2 X 10 X 4 X 3.16 = 712 X 10° cycles per second
B,(n="T2) =712 X 10° X 1.5 = 1070 X 10° cycles per second
P,(n=12) = 0.512 X 10-18 X 56.2 X 10¢ = 28.9 X 10-'? watts
P,(n=148) = 0.512 X 1078 X 712 X 10 =364 X 1072 watts
P,(n="172) = 0.512 X 10-1% X 1070 X 106 = 546 X 1018 watts.
If a maximum bandwidth of 10 megacycles is set, the required
received power may be calculated from the above using the fact that

at a given signal noise ratio, the required carrier voltage is inversely
proportional to Bi. Then,#

Po(n=12) =28.9 X 10~ X 5.62=163.0 X 10-'* watts
Pio(in=48) =364 X 10-7? X 71.2 == 26,000 X 10-"*watts
Pio(n="T2) =546 X 102 X 107.0 = 58,500 X 10-'* watts.

Minimum Signal for PNM-AM

Here again threshold is independent of B.

nf,
P, (forn=4) =2.05 X 10-'* X 21 f,, (Assuming — =21 n)

m

= 2.05 X 84 X 3500 X 10-'* = 0.60 X 10-!* watts.
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The bandwidth required to obtain proper operation is about

B, =38 X 21n f,, = 252 X 3500 = 0.88 X 10° cycles per second.

The factor* 8 is probably sufficient because of the inherent noise
and cross talk eliminating properties of the system.
The signal noise ratio is theoretically infinite anywhere above
threshold.
For larger values of n, P, is larger in direct proportion but R, has
no effect, so that,
P,(for n =12) = 0.60 X 10-12 X 3 = 1.80 X 10-1? watts
P,(for n = 48) = 7.4 X 10-12 watts
P,(fecr n="72) =10.8 X 10-1* watts.
The bandwidth to obtain proper operation is also proportional to n.

B, (for n = 12) = 2.65 X 108 cycles per second
B, (for n = 48) = 10.6 X 109 cycles per second
B, (for n =72) = 16.0 X 108 cycles per second.

If a maximum bandwidth of 10 megacycles is specified, the 72
channel system is inoperative, unless changes are made in the system
parameters.

Minimum Signal for PNM-FM

The threshold varies with bandwidth but the S/N ratio is infinite,
above threshold. Assume a value of B =38 X 21n f,, as above, to be the
minimum for preper operation. Then,

P,(for n =4) = 0.52 X 10-18 X 0.88 X 108 = 0.46 X 10-!* watts.

The value of P, is proportional to n. P, (n‘= 12) = 1.36 X 10-2 watts

P,(n=48) = 5.42 X 10-? watts P,(n ="72) = 8.1 X 10-* watts.
Minimum Signal for PAM-PCM-AM

Same as PNM-AM for equal values of f,.

Minimum Signal for PWM-AM

1/ B\* B \% /32Dn\% [ B \*
R,=——{ —] (See Table III); R,= > = V2
VEn \ fn 2fm 8 2f,,

* Since the above was written, it has been pointed out that 3 is unneces-
sarily large. It has been argued that operation should be possible with the
value unity for PNM and PCM systems.
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1 B
R, = — =200; B, = V?R,nfm (72)

Vén f,
B,(n=4) =6.9 X 108 cycles per second.

For this bandwidth P, = P, and

P,(for n=4) = 2.05 X 10-18 DuB,
=2.05 X101 X % X 6.9 X 10 ="17.1 X 10-12 watts.

Both B, and P, are proportional to » and R, (See Equation (72))

B,(n=12) = 6.9 X 10% X 3 X 3.16 = 65 X 108 cycles per second

B,(n=48) = 820 X 10¢ cycles per second

B, (n="172) = 1230 X 10 cycles per second

P,(n=12) =67 X 1012 watts

P;(n=48) = 850 X 10-1? watts

P, (n="72) = 1270 X 10* watts.

If a maximum bandwidth of 10 megacycles is set, the required
received powers for n == 12, n =48 and n = 72 can be calculated frem
the above using the fact that at a given signal noise ratio the required
signal voltage is inversely proportional to Bi Then,

Piyin=12) =67 X 10-1* X 9.2 = 615 X 10 1? watts

P,(n=48) =850 X 101> X 116. = 98,500 X 10-1? watts

Py(n="T2) =1270 X 10-12 X 174. = 222,000 X 10-1? watts.

Minimum Signal for PWM-FM

T B %
R,= <——> (See Table III)
V3n

i
B Yh T B NI
R, = ; BRij=———— 1 B,=R,f,n (73)
2f Ven f, w

Bi(n=4) =200 X 3500 X 3.12 = 2.18 X 10% cycles per second.

For this bandwidth P, = P,, and,
Pi(n=1) = 0512 X'"10-18 X 2.18 X 105 = 1.12 X 10-1? watts.

P, and B, are directly proportional to » and R, (See Equation (73))
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B,(n=12) = 2.18 X 108 X 3 X 3.16 = 20.7 X 10° cycles per second
B, (11 = 48) =262  10° eycles per second

B,(n = T2) =292 X 10 cycles per seccnd

P,(n=12) = 10.6 X 10-2 watts

P,(n=48) =134 X 10-* watts

P,(n="T2) =201 X 10-!2 watts.

If a maximum bandwidth of 10 megacycles is set, the required
signal powers for #n =12, n =48 and n =72 may be calculated from
the above, using the fact that for a given signal noise ratio the required
carrier voltage is inversely proportional to Bi.

Po(n=12) = 10.6 X 10-1* X 2.07 =22 X 102 watts

Py(n=48) =134 X 10712 X 26.2 = 3500 X 10-'* watts

Pio(n=1T2) =201 X 10-12 X 29.2 = 5870 X 10-1* watts.

Minimum Signal for (SS-PM-FM)
B, and P, are larger than for SS-PM by 5%/3 or 2.92. Then,

B,(n= 4) =2.92 X 0.84 X 10°=2.46 X 10° cycles per second

B,(n=12) =292 X 5.4 X10°=15.8 X 106 cycles per second

B,(n=48) = 2.92 X 46.5 X 108 = 136 X 108 cycles per second

B,(n="T2) —2.92 X 70 X 10° = 205 X 10° cycles per seconc

P,(n= 4) =292 X 0.43 X 10-12=1.26 X 10-'? watts

P,(n=12) =2.92 X 2.77 X 10-12 = 8.0 X 10-1* watts

P,(n=48) = 2.92 X 23.8 X 1012 =70 X 10-** watts

P,(n="T2) =292 X 35.9 X 10712 =105 X 10-** watts.

If a maximum bandwidth of 10 megacycles is set the required
received powers can be calculated from the fact that at a given signal
noise ratio the carrier voltage is inversely proportional to B.

Pyo(m=12) = 8.0 X 10-12 X 1.58% = 20.0 X 10-'* watts

Pyo(n=48) =70 X 10-2 X 13.6* = 13,000 X 10-'* watts

Pyo(n="T2) =105 X 10-'? X 20.5? = 44,100 X 107'* watts.

Minimum Signal for (XX-XX-AM)

Adding an extra-sub-carrier using AM makes I, larger by 8 to 1,
since the signal noise voltage ratio is poorer by /8. Threshold on the
second demodulation will be at the same signal noise ratio as though
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(XX-XX) were the whole system but operated at 8 times lower signal
power level. Threshold on the first demodulation will be at a lower level
since the bandwidth is only changed by 2 to 1, but S/N is reduced by

Minimum Signal for PAM-FM (Slow)

V3B B \* V3 [ B\
R,=— ;i Ry=(—] i RBi=—"7 =200
2fom V22 \ f,

R, VZ 2n \ /3
> i (74)

B,(n=4) = <__
V3

200 X 1.41 X 8\ ¥*
= | —————] X3500=0.412 X 10°.
1.73

For this bandwidth P, = P, and,
Pi(n=4) =0.512 X 10-'* B, = 0.211 X 10 '* watts.

Both B, and P, vary directly with #?/3 and R,*® (See Equation (74))
By(n=12) =0.412 X 10 X 3%/% % 103 = 1.84 X 10% cycles per second
B;(n=48) = 1.84 X 108 X 42/3 x 2.15 = 10.0 X 10% cycles per second
B,(n="T2) =10.0 X 10% X 1.31 = 13.1 X 10% cycles per second
P,(n=12) = 0.211 X 1072 X 4.46 = 0.94 X 1012 watts

P,(n=48) = 5.12 X 1012 watts

Pi(n="T2) =6.70 X 1012 watts.

The bandwidths all lie within the 10-megacycle maximum except
for n="72.

13.1\ 2
Pig(n=172) =6.70 X 10-12 X <—~——> =115 X 10-1* watts.
10
Direct Formula For Py,

In any system for which B, exceeds 10 megacycles, the value of Py,
(the received power required for a 10-megacycle setup) can be solved
for directly by using the following:

8KTF, 2f,, R 14.4 X 10-*
Pgy=—-—- (75) ; Pon=172) =——.
Rz R

This can be used as a check on the method used above. It is not
used to replace the first method because the values of B, and P, have
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some interest. In particular it is necessary to know whether or not B,
exceeds 10 megacycles. If not, then Py, is below threshold.

The above Equation (75) applies for the value of P, where Pj is
the received power required for a setup having the bandwidth B. The
value of R, cprresponding to the value B must be used. It is necessary
to know that the specified bandwidth B is less than B,. Otherwise P,
will be below threshold.

Summary of the Received Power Requirement

The minimum signal powers required to meet the various specifica-
tions for each system are tabulated below, assuming a 10-megacycle
maximum bandwidth. The systems are arranged in the order of merit
for a 48-channel set up.

Required Signal Power in pgp Watts

R, =200 R, =132 R.=2000 = 2000
System n=i4 n=12 n=1,8 n=72

PAM-FM (slow) 0.211 (2) 0.94 5.12 11.5
DR 0.46  (4) 1.36 5.42 —
et 0.60 (5) 18 74 —
SS-PM 0.43 (3) 2.77 515. 1,760.
PAM(=x)-FM 0.77 (7) 4.97 8,050. 10,250.
FWM-FM 112 (9) 22. 2,500. 5,870.
PPM-AM 0.086 (1) 6.2 3,950. 13,500.
FM-PM 0.68 (6) 8.42 5,450. 18,300.
SS-PM-FM 1.27 (10) 20.0 13,000. 44.100.
FM-AM 1.08 (8) 26. 16.600. 56,300.
PPM-FM 3.03 (12) 163. 26,000. 58,500.
AM-PM 1.97 (11) 53. 84,000, 116,000,
PWM-AM 7.1 (13) 615. 98,500. 222,000.
SS-AM 574. (14)  17,200. 690,000. 1,040,000.
PAM-AM 574. (15)  17,200. 690,000. 1,040,000.
AM-AM 18,300. (16) 275,000  11,000,000.  16,500,000.

Setups in which the minimization of required received power is
limited by the 10-megacycle bandwidth have the power figure italicized.
Thus if the power figure is not italicized, the setup did not utilize the
full 10-megacycle available bandwidth, but only such a bandwidth that
the required value of signal noise ratio is obtained at threshold.

Note that the order of merit is somewhat different in the (n=4)
column as indicated by the number in parenthesis. However, the
PAM-FM (Slow) system shows up the best by quite a margin in
every column except for n =4 where PPM-AM is better. PPM-AM
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would take first place in the other three columns except for the band-
width limitation. PNM-FM and PNM-AM are almost equal and are
assumed to be equivalent to PAM-PCM-FM and PAM-PCM-AM in
noise reducing performance. These systems would always lead if the
signal noise ratio requirement was raised because it is assumed that
when operated above threshold their signal noise ratio is unlimited.
Actually this is unfair because the system noise generated because of
quantization has not been considered. These systems with n =72 are
inoperative in a 10-megacycle bandwidth without parameter changes.

If judged by the (n=4) and (n=12) columns any of the first
twelve systems would be fairly satisfactory. The small differences in
power required might easily be offset by other considerations. For
the # = 48 column, the list should probably be narrowed to the first
5 or 6 systems. For n =72, the system PAM-FM (slow) has no near
competitors. It is unfortunate that more practical work has not been
done with this system.

BANDWIDTH ECONOMY

The comparisons of required received power were all made on the
basis of a 10-megacycle available bandwidth. For all systems in which
best results were obtained by fully occupying this band, no further
comments are necessary. For n— 48 or 72 all of the better systems
fully utilized the band, with the exception of PAM-FM (slow). Thus
this system not only provide the best signal noise ratio, but does so
with a reduced bandwidth requirement. For 2= 48 or less PNM-XX
and PAM-PCM-XX are included in the systems requiring less than
10 megacycles. For n =12 or less SS-PM and PAM(=)FM are in-
cluded. For n = 4 none of the systems utilized the full band for best
results. The actual bands required for each system in the n =4 column
of the minimum signal requirements table are given below :

PAM (%)-FM 910,000 PPM-FM 5,920,000
PAM-FM (Slow) 412,000 SS-PM-FM 2,460,000
PNM-FM PWM-FM 2,180,000
PAM-PCM-FM} 880,000 FM-AM 2,100,000
PNM-AM } T AM-PM 3,850,000
PAM-PCM-AM ’ PWM-AM 6,900,000
SS-PM 840,000 SS-AM 40,000
PPM-AM 5,150,000 PAM-AM 168,000
FM-PM 1,330,000 AM-AM 56,000
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Following is a listing of the formulas for the minimum bandwidth
required for operation without cross modulation:

AM-AM anf,, y* PPM-AM 36nf,,
%%-};M infm y-i PAM (%)-FM 6nf,,
oM 47?;.::: & PPM-FM 36nf,,
SS-AM 2nf,, ¥ PNM-XX 63nf

SS-PM onf, y-! PAM-PCM-XX{ m
PAM-AM 12nf,, PWM-XX 24 nf,,

The above figures for pulse systems represent conservative design.
Somewhat smaller values could be used if necessary.

A complete discussion of the factors affecting bandwidth economy
should give consideration to transmitter and receiver oscillator drift,
frequency calibration error, undesired sidebands produced outside the
nominal frequency band, and guard bands.

IMPULSE NOISE ANALYSIS

Signal Noise Ratio on Impulse Noise

Impulse noise from automobiles, electric motors, ete. becomes pro-
gressively of less importance as we go to higher and higher frequencies.
One reason for this is that the initial wave form of such disturbances
is essentially that of the unit step function which has a distribution
of energy versus frequency such that the voltage amplitude per cycle
of bandwidth is inversely proportional to the frequency of measure-
ment.

The frequency spectrum usually considered for this type of trans-
mission is about 30 megacycles to 30,000 megacycles. At the low end
of this spectrum impulse noise may assume major importance for some
antenna locations. However, over most of this frequency spectrum auv
most locations, impulse noise is of minor importance. Nevertheless it
is occasionally important and hence merits further discussion.

The Nature of I'mpulse Noise

*“Pure” impulse noise is the disturbance resulting from an input
voltage wave form consisting of isolated or recurrent pulses, the time
duration of the pulses being less than the time of a half wave at the
mean frequency of the pass band of the receiver. Under these condi-
tions a wave train is applied to the detector of the receiver for euch
input pulse. The duration of the wave train is about 1/B (at 50 per
cent amplitude). The amplitude is proportional to the area under the
input pulse.

Except for the last statement the above paragraph applies for
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Fig. 13—Noise frequency spectrum
for AM and FM. 5 o Ak

—

somewhat longer duration input
pulses. An essential limitation is
that the input pulses should be far
enough apart so that there is no
overlapping of wave trains of dif-
ferent pulses. A complicated input [
wave of long time duration may be
considered as pure impulse noise if
it has only a few points where the /

slope of the wave changes with suf- 74"7

ficient abruptness to appreciably * ? ey
excite the radio-frequency circuits and providing these points are
sufficiently separated so that the wave trains do not overlap. Ignition
interference from automobiles frequently does not meet this require-
ment. A single ignition spark may consist of as many as several hun-
dred separate discharges very closely spaced so that the wave trains
overlap in the output of the radio-frequency amplifier. The disturbance
created by this type of interference may be a great deal worse than
would be predicted by theory if the assumption is made that there is
only one pulse per spark. This last fact may change the ratio of S/N
ratios for the various systems for this type of noise but it will not be
considered in the following because of difficulty in specifying the noise
wave form.

NOISE OUTPUT

Nl

Comparing random noise and “‘pure” impulse noise, both have a
uniform distribution of energy over the pass band, The essential differ-
ence is in the relative phases of the various frequency components,
For random noise this phase is random but for impulse noise the
phases are so related that at the instant of the peak amplitude of the
wave train, the components are all in phase (or nearly so).

Weak Impulse Noise in Frequency Division Systems

The term weak impulse noise is taken to mean impulse noise of
less than signal amplitude. For weak noise of any type, a given noise
frequency component has an effect on the output which is independent
of the presence of the other noise components. It follows that for all
frequency division systems the signal noise ratio on an r-m-s basis
compared to AM has the same formula for impulse noise as for random
noise.

On the basis of the ratio of peak signal amplitude to peak noise
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amplitude for impulse noise the numerical coefficient will be slightly
different from that for random noise if FM is involved. This can be
more clearly understood by referring to Figure 13 which shows a
comparison of the noise spectra for FM and AM. In this figure fre-
quency is plotted along the line ABF and AF = B/2. Then the noise
in a broadband amplitude modulation case is represented by the area
AFGE. Reducing the frequency band to f,, = AB, the noise is repre-
sented by the area ABDE. In the FM case the broad band noise is
represented by the triangle AFG. Reducing the frequency band to
f.» = AB, the noise is represented by triangle ABC. In the case of

ABC
random noise the areas are summed up r-m-s and ——= V38—
ABDE 2fm
(r-m-s summation of noise).

In the case of impulse noise, if it is desired to compare the peak
value of the noise in the two cases the areas are summed up linearly
(making the assumption® that all components are in phase at the peak)

ABC B
in which case, ——— =2 —— (linear summation of noise).
ABDE 2fm
Since the noise is distributed differently with frequency for AM

and FM, neither formula is perfectly accurate from an annoyance
standpoint. Also the difference between the formulas is rather slight
namely 13 per cent. It is believed that the following approximation
is justified.

The signal noise ratio on weak impulse noise for all frequency
division systems compared to AM is the same as for random noise.

Because of its discontinuous nature impulse noise can be tolerated
at a somewhat higher peak amplitude than random noise. The wide-
band gain of the better systems will be found sufficient to make the
interference of weak impulse noise negligible.

Weak Impulse Noise in a Time Division System

On an r-m-s basis, the wide band gain of a time division system
on weak impulse noise should be the same as for random noise, just
as it is in a frequency division system. There is, however, one impor-
tant difference. In the time division system only 1/n of the individual
impulses are heard at all. But the wideband gain is normal on an r-m-s
basis, so the pulses that do come through are stronger in amplitude
(than in a frequency division system having the same wide band gain
on random noise) by a factor V7 (more accurately factor is 1/VD).

9 This method of attacking the problem was first used by M. G. Crosby;
see “Frequency Modulation Noise Characteristics”, Proc. IL.R.E., Vol. 25,
No. 4, pp. 483-485, April, 1937.
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Strong Impulse Noise in Frequency Division Systems

The term strong impulse noise is taken to mean impulse noise of
greater than signal amplitude. In XX-PM systems the use of a limiter
sets a maximum on impulse noise at a value corresponding roughly
to operating at threshold. In a similar manner a maximum can be set
for AM or XX-AM systems by the use of a limiter adjusted to saturate
at the amplitude of 100 per cent modulation. Here also the limit is at
a level corresponding roughly to operating at threshold.

If in the AM case, the limiter is used after a broad band rad o-
frequency (or intermediate-frequency) amplifier, the noise is limited
to a level corresponding to operating at threshold with that w.de
amplifier. (This gives a value of S/N in the output better than unity

B
by the divisor —). Then to compare the signal noise ratio on AM

2

and FM, 1'efere11fc7g may be made again to Figure 13 where AFGE is
the broad band AM noise and ABDE the narrow band noise, while
AFG is the broadband FM noise and ABC the narrow band noise. It
can be geen that as long as the limiter is used as stated in the AM cases
as well as in the FM or PM cases, the S/N ratio compared to AM is
roughly the same for strong impulse ncise as for random noise for
all frequency division systems.

The Wave Form of Impulse Noise

It may seem peculiar that for an AM system, impulse noise has a
uniform distribution versus audio frequency while for an FM system
the amplitude of the audio frequency components is proportional to the
frequency. There is a corresponding difference in the wave form of
the output noise. For an AM case with nearly ideal band pass charac-
teristics the wave form is an impulse of approximately the shape of
sin /2 or roughly a half cycle of a sine wave. Maximum response
occurs when the radio-frequency phase of the noise wave train is the
same as that of the carrier. For an FM system, maximum response
(on weak impulse noise and on strong impulse noise when the carrier
is not deviated from the center of the band) occurs when the phase
of the noise radio-frequency wave train is 90 degrees from the phase
of the carrier. For this condition (accurately for very weak impulse
noise and approximately for strong impulse noise) the phase displace-
ment has the same wave form as for the AM case at zero phase angle.
The frequency deviation is, however, the derivative of the phase dis-
placement and is hence a bi-directional pulse, having as much area
above the axis as below. This is in agreement with the fact that the

. . . L]
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low-frequency components are attenuated relative to the highs in the
noise output of an FM system.

Strong Impulse Noise in an FM System Under Conditions of Peak
Modulation

When an FM system is modulated (or detuned) to the edge of the
pass band at the instant a noise impulse occurs a phenomenon!’ may
take place which greatly increases the noise. The noise wave train is
at the frequency of the center of the pass band (i.e. it is synchronous
with the unmodulated carrier). When the carrier is modulated to the
edge of the pass band at the instant the pulse occurs, the pulse wave
train beats with the carrier. The time of one cycle of the beat note is
2/B. The time duration of the pulse (at its base) is also 2/B. Thus
if the relative phase of the pulse is 0 degrees at its start, it is 180
degrees at its peak and 0 degrees again at the end of the pulse. This
is the condition for maximum noise response. If the noise radio-
frequency wave train happens to be of twice signal amplitude, the
resultant of signal plus noise has almost a constant amplitude even
without a limiter. In the output circuit of the limiter the output
amplitude is almost perfectly flat (even if the pulse is many times
signal amplitude) but there is a unidirectional pulse of frequency
modulation, in that one complete radio-frequency cycle has been sub-
tracted (or added) in a time 2/B so that the frequency is deviated B/2.
In other words the frequency is deviated back to the center of the pass
band at the peak of the pulse.

It will be remembered that when the carrier was unmodulated the
noise output had both a positive and a negative peak and hence a
triangular frequency spectrum. For the case discussed in the last
paragraph the noise pulse is unidirectional and hence has an approxi-
mately uniform frequency spectrum. That is the low frequency com-
ponents have been pushed up to the level of the high frequency
components. The signal noise ratio (wide band or narrow band) is
the same as for the AM case (with limiter and wideband ahead of
limiter).

Thus the gain of frequency modulation is completely lost if a strong
noise impulse (of proper phase) occurs at the instant of peak frequency
deviation. It should be noted, however, that the crest factor (in multi-
channel operation or one channel on voice) of the signal is large which
means that for a great majority of the time the instantaneous value
of the frequency deviation is quite small.

10 For a more detailed discussion with oscillograms see V. D. Landon,
“Impulse Noise in FM Reception”, Electronies, Vol. 14, No. 2, pp. 26-31,
February, 1941.
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If the deviation of the carrier from the center of the band is quite
small at the instant the pulse starts then no complete cycles are lost
or gained. If the overall number of cycles is constant then the fre-
quency must be high just as much as it is low. In other words the noise
wave form must be above the axis as much as it is below the axis. This
means that the low frequency audio components are attenuated. Thus

__ B
the ratio B, = V38 — is much more nearly accurate than the value

2f

E,=1 on strong impulse noise.

I'mpulse Noise in Time Division Systems

For time division systems, on the contrary, the value of R, is widely
different for impulse noise from the value for random noise. On the
average only 1/n of the noise pulses are effective at all in a given
channel because of time division. This advantage is more than com-
pensated for, by the fact that the noise pulses which do come through
produce interference much stronger than the value of R, for random
noise would indicate. This is because the noise and signal have essen-
tially the same wave form. Thus the signal noise ratio for PAM-AM
is unity for strong impulse noise. The bandwidth reduction (of a low
pass filter with cut off at f,,) produces no improvement since noise and
signal amplitude are affected in the same way. The bandwidth reduc-
tion from f, to f,, would be effective if the ratio were larger. Being
only 2 or 3 it is inappreciable. (At 2, the effect would be unity.)

For PPM-AM the same argument is true since strong impulse noise
can deflect the phase at least as much as the signal can.

The same is true for PWM-AM.

For PNM-AM the ratio f,/f,, is larger and there is a corresponding
effective bandwidth reduction factor of about —22-: v 10.

2
For PAM-PCM-AM the increased bandwidth reduction factor is

lost because in the presence of strong impulse noise the wrong code
will be transmitted which can give unity signal noise ratio since the
code for the highest amplitude might be sent when the lowest was
desired and vice versa.

Even more serious than the poor signal noise ratio is the fact that
often synchronism will be lost in the presence of strong impulse noise
in a PXX-XX system, thus completely blocking communication. The
use of “flywheel effect” circuits (which reduce the effectiveness of
isolated pulses on the synchronizing) such as are used in television
receivers would be a help in this respect. Using synchronizing pulses
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considerably longer than the minimum the circuit will pass, should also
be a help.

For PXX-FM, wideband gain is largely lost in the presence of
strong impulse noise because the carrier is frequency modulated 100
per cent a high percentage of the time. (This is not true for
PAM(+)-FM which retains wideband gain.)

The system PAM (=)-FM warrants separate consideration. Since
the degree of FM is proportional to the signal in each channel the
average modulation remains low and the wideband gain is not lost.
Not only are all but 1/n!* of the impulses unheard, in a given channel,
but the pulses which do come through are suppressed by the same ratio
as that for random noise. :

Summary—Impulse Noise

On strong impulse noise the signal noise ratio compared to AM
(wide band with a limiter) is roughly the same as R, for random noise,
in systems XX-XX and PAM(+)-FM. For PXX-XX, not including
PAM(=+)-FM, however, the signal noise ratio on strong impulse noise
is unity or worse as there is no bandwidth reduction factor except in
the case of PNM-XX where it is about V10,

CRrOSS MODULATION ANALYSIS

Interchannel Cross Modulation in Frequency Division Systems

If the modulator of the transmitter or the demodulator of the
receiver is non-linear, cross modulation may occur between sub-
carriers. At a relay station it is necessary to receive the intelligence,
amplify it and retransmit it on a new or the original frequency. Cross
modulation may easily occur in this process and the effect might be
accumulative when the signals are passed through many successive
relay stations. Hence it is necessary at this point to discuss methods
by which the modulation of the incoming wave can be transferred to
the outgoing wave.

An obvious possibility is to amplify and demodulate the incoming
wave, recovering the various sub-carriers or single sideband signals
(as the case may be) passing these waves through a common wide
band amplifier and using them to modulate the outgoing carrier. A
defect of this scheme is the fact that the repeated demodulation and
modulation provide the possibility of accumulative cross modulation if
a slight non-linearity is consistently present in either the modulator
or demodulator or in the sub-carrier amplifier. This type of cross
modulation can be minimized in the amplifier (and possibly in the
modulator) by using negative feedback to improve the linearity.
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" Another possibility is to heterodyne the incoming signal to an
intermediate frequency, amplify it, and re-heterodyne it to the out-
going frequency. This scheme seems to offer much less possibility for
accumulative cross modulation since the carrier is never demodulated.
A difficulty is present because of the necessity for providing a power
amplifier at the output frequency. The technique for using power
amplifiers in transmitters has not been fully developed above about
500 megacycles. Some successful amplifiers have been built however
and no doubt the problem will be completely solved in the near future.

Another inherent defect of this scheme for relaying by a double
heterodyne at each relay station is the fact that any frequency drift
of the heterodyning oscillators is accumulative and might be quite
gerious if the number of relay stations is large. This defect might be
remedied by stabilizing the frequency of the intermediate-frequency
at each station by an automatic-frequency-control circuit. Other
methods of reducing the accumulative drift may also be used.

Another solution of the relaying problem is to go to a triple modu-
lation system similar to that used in the microwave radio relay equip-
ment types CWla and CW2a.!! This equipment uses the system
SS-PM-FM, frequency modulating the carrier with a single inter-
mediate sub-carrier which is modulated as an SS-PM system. At a
relay station a demodulator is employed to recover the main sub-carrier
which is not further demodulated but is amplified and used to frequency
modulate the carrier of the outgoing wave. It is felt that this arrange-
ment is unusually free of any tendency for accumulative cross modu-
lation. As pointed out previously it involves a sacrifice of about 5 to 1
in signal noise ratio.

Interchannel Cross-Modulation in Time Division Systems

In time division systems cross-modulation will occur if insufficient
time separation is provided between pulses of adjacent channels. This
type of cross talk can always be reduced by decreasing the duty factor
of the pulses. A decrease of duty factor in a PAM-AM system requires
an increase in bandwidth. Thus there is a minimum bandwidth to avoid
cross modulation. In calculating this minimum (See page 456) it was
assumed that B = 4nf, would be a reasonable figure. A more accurate
calculation will now be made.

Up to now no definite statement has been made about the shape
11 Leland E. Thompson, “A Microwave Relay System”, Proc. I.R.E., Vol.
34, No. 12, pp. 936-942, December, 1946.

G. G. Gerlach, “A Microwave Relay Communication System”, RCA
REVIEW, Vol. VII, No. 4, pp. 576-600, December, 1946.
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Fig. 14—Response to unit impulse
for ten tuned circuits.

of the radio-frequency selectivity
curve. It has been assumed that
“g” the pulse duration (above 50
R per cent of peak amplitude), is equal
\( to 1/B, where B is the effective
bandwidth. To know how rapidly
a pulse decays toward zero it is
necessary to know something more
—k 5, definite about the frequency char-
acteristic of the amplifier.
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A type of amplifier which has easily calculated performance (and
which has been used a great deal in radar work) is one consisting of
a number of amplifier stages, all alike, with one tuned circuit per stage.
With unit impulse excitation, an amplifier has an output wave form
which is a pulse of the minimum duration that can be passed by the
amplifier.

1. Shape of Minimum Duration Pulse

An amplifier of the type described above has a response to unit
impulse of the following form,

((Yf) ml—l
e=da———e€Usinont (76)
my—1
where A = the amplification at resonance

« = R/2L for each tuned circuit
m, = the number of tuned circuits

o = the resonant frequency.

(at)ml—l
The expression ——— e-¢ gives the form of the envelope of the
m, —1
pulse. A graph of thils expression as a function of (at) with m; =10

is given in Figure 14.

It can be seen from the graph that the time duration (above 50
per cent of peak amplitude) is a(to—t) =T

The value of « is R/2L where R and L are the effective series
resistance and inductance of one of the tuned circuits. The bandwidth
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of a single circuit is B, = R/'2=L (equals the bandwidth of ons tuned
circuit at 70 per cent, equals the bondwidth of tw. tuned irc. te at
50 per cent). The shape of the rescnance curves (very near the puak)
is the same as a parabola so that the band width at 50 per cent ampli-

B, B B
tude for “m” tuned circuits is B — — S

Vm,/2 V5 224

R R
for m, == 10. However, B, — so that B — - I
27 2L < 2.24x
[44 [44
 224r 703
1 7.03
The value of — is which is seen to equal the time duration of

B a
the pulse quite accurately.

2. Pulse Spacing Required

If, in a PAM-AM system, the gate for each channel is turned on
and off at the 50 per cent amplitude points, the interference from the
decay train of the preceding pulse need be considered only during that
interval, shown between the dotted lines. The curve B represents the

2.5
decay envelope of a preceding pulse spaced by a time interval —.

The interference can be seen to be down at least 43 decibels or 140 to 1
at the highest point and is considerably better when averaged over the
gated interval. The line C represents a pulse spaced 3/B ahead. For
this condition the cross modulation is down by more than 60 decibels.
It appears that Roberts and Simonds!® used a less advantageous
arrangement as they only obtained a signal-to-cross talk ratio of 40

3.4 4
decibels with a pulse spacing of ——. In any case — (the value assumed
B

for PAM-AM) seems to be more than adequate. An increment of time

1
spacing equal to — increases the attenuation about 35 decibels.

Systems PAM(=)-FM, PPM-XX, and PWM-XX will usually be
designed so that undistorted eross-modulation will not be found. Inter-
ference in the form of distorted undesired modulation will occur only
when the pulses are modulated to too great a degree.

12 F, F. Roberts and J. C. Simmonds, Multichannel Communication Sys-
tems”, Wireless Engineer, Vol. 22, page 548, November and December, 1945.
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Thus the minimum spacing between pulses in &« PPM-AM system
should be about — for peak deviation of the pulses toward each other.
If (as assumed previously*) this is 15 of the spacing when unmodu-

9 1
lated, then — =

; and B (min.) = 9n f, or 27nf, = 674 megacycles
n 14
for 72 channels. Then the 10 megacycles used (in calculating minimum

required signal power) is adequate.

When operating long chains of relay stations using a time division
system it may be found that the pulses grow continuously in effective
width with an increase in the number of relay stations, eventually
reaching a point where serious cross modulation results. For all such
systems except PAM-XX, and PWM-XX this increase in pulse width
may be corrected by demodulating at one or more relay stations to
obtain the pulse sub-carriers. The pulses may then be reshaped by a
process of amplifying, limiting, differentiating, clipping and re-ampli-
fying. For PWM-XX systems the trouble manifests itself as a more
gradual slope of the rise and decay of the pulses. This may be corrected
by passing the pulses through a clipper-limiter. (See definition 34)*
For PAM-AM neither a clipper nor a limiter may be used on the pulses
but the w'dth of the pulses may be reduced by the use of a time gate.
(See definiticn 36)t For PAM (=) -FM the rise and decay of the pulses
may be steepened by passing the pulses through a time gate.

3. Pulse Shape for Coupled Circuits

If a pair of coupled circuits is used in each stage of the amplifier
with very weak coupling, the transient respcnse is the same as for one
tuned circuit per stage, for the same total number of tuned circuits.
If the coupling is gradually increased it will be found that the decay
to zero, is of shorter duration, but that the response returns (with
reversed radio-frequency phase) after the zero. The tighter the
coupling, the nearer the zero approaches the main part of the pulse,
and the higher the respcnse after the zero. A proper choice of the
coupling cocflicient will place the zero at the most advantageous position
near the center of the following pulse, and help to minimize the cross
talk. Because of the phase reversal at the zero, the portions of the
interfering wave before and after the zero have opposing effects in a
PAM-AM system and may buck each other out. For any PXX-XX
system using a limiter, minimum cross modulation will occur when the

* Part I—pp. 327-334.
+ Part I—page 296.

www.americanradiohistorv.com


www.americanradiohistory.com

MULTIPLEX TRANSMISSION SYSTEMS 467

zero occurs at the instant the limiter saturates on the following pulse.
For PWM and PPM the advantage of this is largely lost when the
degree of modulation is large.

The mathematics of the transient response of coupled circuits for
a large number of circuits is too complex to make detailed analysis
worth while.

4. Cross Modulation With Coupled Circuits

The above indicates that by using coupled circuits a lower cross
modulation may be achieved in a given bandwidth (or a lesser band-
width may be used without making the cross modulation worse). The
gain in this respect may be quite appreciable especially for PAM-AM,
if a critical balance is obtained. Such a balance should not be depended
on for a large portion of the desired signal to cross-modulation ratio,
because a critical balance is difficult to maintain.

5. Cross Modulation in PNM-XX and PAM-PCM-XX

It will bear repeating, that the above systems have theoretically
perfect signal to cross modulation ratios, for the same reason that they
have theoretically perfect signal noise ratios.

6. Relaying Time Division Multiplex Signals

In relaying PXX-XX systems, (as well as XX-XX systems) the
scheme may be employed wherein the incoming wave is heterodyned
to a suitable intermediate frequency, amplified and re-heterodyned to
the frequency of the outgoing wave. This requires a class B power
amplifier at transmitter frequency.

Another method of transferring the modulation to the output wave
is to amplify and demodulate the incoming wave. The resulting series
of pulses may be amplified (and limited except for PAM-XX cases)
and used to modulate the transmitted wave. It appears that whatever
cross modulation is present as a result of overlapping pulses, may be
accumulative as the signals go from one relay station to anotler.
However, the desired attenuation of the cross modulation can always
be obtained by reducing the duty factor. (In PWM-XX, the duty
factor with no modulation should be kept 50 per cent. Cross talk is
reduced by using a wider band so as to obtain more nearly vertical
sides to the pulses. The degree of width modulation must be limitcd
to avoid overlapping of the up stroke and decay of adjacent pulses.)

Summary of Interchannel Cross-Modulation:

The actual signal-to-cross modulation ratio obtained in each system
is more a function of the skill and techniques used in making a setup
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than a function of the type of system. The governing factors have
been discussed. A discussion of the relative feasibility of the various
systems in this respect must depend on an engineering and experi-
mental study. It may be found that for long relay chains, a triple
modulation system will be required to avoid accumulative eross
modulation,

Intcrchannel Cross Tallk:

Cross talk other than that caused by eross modulation should never
be a problem in time division systems if proper shielding is used. In
frequency division systems such cross talk is governed by sub-carrier
spacing and the design of the frequency selective filters. The design
of such filters is a well known art.

INTERFERENCE ANALYSIS

Mutual Interference Between Multiplex Systems Operating on the
Same Assigned Frequency
1. Neither Signal Pulsed

First assume the interfering wave to be a frequency modulated
carrier wave. Then for a XX-PM desired signal the interfering wave
beats continually with the carrier, but the beat is audible in a given
channel only when the beat frequency lies between the values fs and
fic = f,.- Then the presence or absence of interference in a given
channel at a given instant depends on the vagaries of the modulation
of all the channels of the desired and undesired transmissions. This
complex function is near enough to random that the interference should
sound very similar to random noise. If it could be established that the
instantaneous beat frequency between the two waves was equally apt

B
to take any value from 0 to —, then the signal to noise ratio on an r-m-s
2

basis would be,
S/N= RoRaRlK5 (17
where R, = the system noise improvement ratio over AM

R, =S/N (AM) at signal strength required for threshold on
random noise in the system under discussion.

R; = The ratio of the desired to the undesired carrier ampli-
tude on an r-m-s basis.

K, = The ratio of crest factors for the interfering signal and
for random noise.
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Equation 77 was arrived at by making the assumption that the
interfering wave produces the same amount of interference as that
which would be produced by random noise of the same r-m-s value.
This assumption is obviously untrue for an AM desired signal. Hence
the multiplex systems cannot be compared to AM in this characteristic,
However, the comparison of one XX-PM system with another may be
made using the ratio of signal noise ratios R, as indicated in Equation
(77) providing the instantaneous beat frequency is kept random by
the vagaries of the two multiplex modulating signals.

The requirement of the beat frequency being random is seldom
fulfilled. If this requirement is not met, the formula still holds for the
average channel but some channels are worse than others. If the crest
factor of the modulation is about 4 as in random noise, and if the
interfering carrier is centered in the pass band the lower frequency
beats (producing interference in the first one or two channels) will
occur more often than for a uniform probability distribution by the
ratio 4/ (V2 7) = 1.6. Thus it seems likely that the noise in no channel
will be worse than about twice that indicated by Equation (77). If the
interfering carrvier is at mid-band frequency, the interference will be
greatest on the channels having the lower frequency sub-carriers. If
the interfering carrier is near the edge of the pass band, the channels
having higher frequency sub-carriers will receive the greatest inter-
ference. Of course B, must exceed unity, or the wide band gain is lost.

The above discussion holds for any XX-PM system where the phase
modulation keeps the noise well scattered in frequency. The same
formula also applies for XX-AM, providing the interfering carrier
has a continuous high percentage of frequency modulation. If the
interfering wave is unmodulated however, the beat might fall near one
sub-carrier sideband of an AM-AM or SS-AM system causing an audio
beat of fixed pitch in that one channel and much more serious inter-
ference. If the system is FM-AM the beat will be scattered in frequency
only when the channel in which the beat occurs, is modulated. The
interference level in that channel would remain above the formula

B

value by a factor of about
anf,,
Equation (77) for the signal to interference ratio is also believed

to be approximately correct for the systems PAM(+)-FM, PWM-FM
and PPM-FM.

2. Desired Signal Wave Unpulsed, Interfering Wave Pulsed
If the interfering wave is pulsed, it is believed that the same
formula (Equation (77)) still applies (for the same systems for which
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the above applies). R, is still interpreted as the ratio of the desired
to the undesired signal on an r-m-s basis.

However, the proviso must now be made that nDR; must exceed
unity where Dn is the overall duty factor of the interfering pulsed
wave. If this proviso is not met the interference will be so severe as
to render the XX-XX system inoperative. If the interfering pulsed
carrier has a very small duty factor, conditions may be met where the
pulsed carrier produces serious interference (because the above proviso
is not met) while an XX-XX interfering system of the same average
power might produce negligible interference. This condition will be
most apt to occur if the interfering system is PPM-AM as this system
has the smallest duty factor of any.

3. Desired Signal Pulsed and Interfering Wave Unpulsed

For PPM-AM, PAM-AM, or PWM-AM as a desired signal and with
an FM wave as interference, the ratio of signal to interference should
follow the formula, Equation (77). If the interfering wave is not
continuously modulated, beats of fixed pitch might occur making the
interference much worse.

For PPM-AM and PWM-AM, broadband gain in signal to inter-
ference ratio is maintained up to the point where the interference is
equal to one half the pulsed wave in amplitude. This is of particular

advantage for PPM-AM, especially if is large, as this results in a

nfp
very small duty factor for this system.

With PNM-AM, or PAM-PCM-AM as desired signal, no interfer-
ence should be produced if the interfering wave is less than half of the
pulsed wave in amplitude.

4. Desired Signal and Undesired Signal Both Pulsed

While the formula of Equation (77), should hold on the average
for this case, the interference might be somewhat worse than this
would indicate because of the following:

If the pulse rates of the two systems are nearly the same but they
are not synchronized, there will be a slow beat as the pulses go in and
out of phase. The interference will be missing (or slight) when the
pulses are interleaved and will be worst when they are overlapping.
If the condition corresponds to threshold, (interfering pulses one half
the amplitude of the desired pulses) then the noise will, at that instant,
have a level corresponding to threshold even though the received power
of the interfering wave may be much less than the noise power that
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would be required to prcduce peaks of one half signal amplitude. This
is especially true if both duty factors are small.

5. Summary on Common Channel Interference

In general the ratios of signal-to-interference ratios for the various
systems correspond roughly to the ratios of signal-to-noise ratios for
random noise. An exception is the fact that XX-AM and PXX-AM
systems are more subject to fixed pitch beat note interference which
is more serious. Also threshold conditions are more apt to be exceeded
if the interfering wave is pulsed and less apt if the desired signal is
pulsed, especially if the duty factor is small.

Mutual Interference Between Multiplex Systems Operating on Adjacent
Frequency Assignments:

1t would perhaps be ideal if a table could be constructed listing the
various systems and giving for each, a numerical measure of first the
side band splash or the power radiated outside its assigned frequency
band, second the ability to produce interference neglecting sideband
splash, third the susceptibility to interference from sideband splash
from the adjacent multiplex channel, and fourth the susceptibility to
interference from an adjacent channel wave which does not spread
outside its own assigmed band.

The construction of such a table cannot be attempted because the
relative merit of setups of the various systems in the four respects is
not so much a fundamental property of the systems as it is of the skill
and technies used in making the setups. Hence, a discussion will be
given of the parameters controlling these factors with only a few
general summarizing remarks.

1. Radiation of Power Outside the Assigned Frequency Band

An XX-PM wave at a point immediately following the final modu-
lator will always have some energy outside the assigned band as do all
FM waves. When the sub-carrier (or SS signal) of a single channel
is applied to the main carrier as phase modulation, one or more side
frequencies of considerable amplitude are produced on each side of the
carrier, spaced apart by the modulation frequency. Still more side
frequencies of lesser (and eventually inappreciable) amplitude occur
at greater distances from the carrier, according to the well known
Bessel function formulas. When a second modulating frequency is
applied, each of the above frequency components may be considered to
be frequency modulated in the above manner. A new set of side fre-
quencies is produced for each frequency mentioned above thus squaring
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the number of components having appreciable amplitude. Each time a
new mcdulation frequency is introduced the number of frequency com-
ponents is multiplied by a factor m so that for n channels the number
of frequency components is m” If for example m =5 and n = 12, the
number of components is 5'2=250 X 10°. The average component
amplitude is less than the unmodulated carrier amplitude by the square
root of this factor or 16,000. Thus the individual components taken
singly are of extremely small amplitude. If when modulating with a
given frequency the second harmonic sidebands (or the highest con-
sidered to be appreciable) are a good deal smaller than the fundamental
side bands, then, as more and more modulating frequencies are added,
the outer frequency components rapidly become smaller and smaller
in amplitude compared to the average component. Thus if m and n are
both large, a large group of components may be dropped from the
theoretical number m”. The information transmitted on any given
channel is partly contained on every single component of the 250
million. It is not surprising that a few of the weaker ones near the
edges of the spectrum may be omitted without losing any appreciable
information.

The exact extent to which the band can be cut down, can only be
found by experiment. It is believed that trouble would first manifest
itself in the form of noise. When the bandwidth is cut to a certain
point, occasional peaks of the complex modulating wave will cause the
instantaneous frequency to move outside the pass band for an instant.
The result should be similar in effect to impulse noise.

When the degree of modulation is adjusted (as it should be) to
the greatest value possible for a given bandwidth receiver without
excessive noise or distortion, there will be considerable energy present
outside the nominal band. This may be reduced by means of a filter
located between the transmitter and the transmitting antenna. Antenna
directivity, distance and the broad band gain of the receiver are the
only other variables that may be used to help keep this interference
out of a receiver on an adjacent multiplex channel.

The XX-AM systems have little or no spread of the sidebands out-
side the nominal band.

The PXX-AM systems may or may not have considerable energy
outside the nominal frequency band depending on the wave form of the
modulating pulses. It is assumed that the pulse duration (or else the
time of rise) is the minimum transmissible in the assigned bandwidth
ag this gives the greatest signal noise ratio. The simplest way to obtain
this condition is to start with the time still shorter. When such a wave
is applied to circuits having the desired bandwidth the time duration
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and time of rise are automatically adjusted to the desired value. These
filter circuits should preferably lie ahead of the final power amplifier
to avoid a loss in efficiency. Theoretically the circuits determining the
wave forrmi may be ahead of the modulator operating at “video” fre-
quencies. Practically, side frequencies may be reintroduced in the
modulation process because of non-linearity.

2. The Ability to Produce Adjacent Channel Interference Aside from
Sideband Splash

In common channel interference, the very serious interference which
occurs when the interfering wave is above threshold, is more apt to
occur when the interfering wave is a PXX-AM system (especially a
PPM-AM system) because of the large crest factor. This effect is
largely lost in adjacent channel interference, because of the slope of the
selectivity curve in the adjacent channel. For PXX-AM interfering
waves, a portion of the power of each pulse is received. The effective
crest factor is reduced by the slope of the selectivity curve. For XX-PM
interfering waves, the received power comes in pulses because of the
frequency modulation and the slope of the selectivity curve. As a result
PXX-AM systems and XX-PM and PAM (=)-FM systems should pro-
duce interference of the same order of magnitude. PXX-FM (not
including PAM (+)-FM) should be worse because of the continuous
high modulation index.

3. Susceptibility to Side Band Splash from the Adjacent Multiplex
Channel
Since interference of this nature comes from energy in the same
assigned frequency band as the desired signal wave, the subject is
covered by the section on common channel interference.

4. Susceptibility to Interference from an Adjusted Multiplex Channel
Which Does Not Radiate Outside Its Assigned Band

At first sight it appears that interference of this sort should be less
if the desired signal wave is SS-PM or AM-PM, the idea being that
appreciable attenuation (say 10 decibels) might be used at nominal
band limits since the limiter effectively flattens the response in the
limiter output circuit. The use of such a filter would make it possible
to obtain higher attenuation in the adjacent multiplex channel than
could be obtained in a filter having a flat response over the desired
band. It has been pointed out however that the phase shift is not a
linear function of the frequency deviation with such an arrangement,
Hence it is feared that eross modulation would occur.
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It is believed that for any of the better systems, a nearly flat
response is required over the complete band if the best signal-noise
ratio is to be attained and cross modulation avoided. Thus all of the
systems (which have some wide band gain) are about of equal merit
as regards the shape of the selectivity curve which may be used. Some
of the components of the interfering signal and of the desired signal
are separated in frequency by less than B/2 so that the nature of the
interference produced is not greatly different from that of the common
channel case.

5. Summary on Adjacent Channel Interference

The XX-AM systems produce little sideband splash in the adjacent
channel. The PXX-FM systems (not counting PAM(zx)-FM) are
probably worst in this respect. The remainder of the systems are
roughly equal in potential performance, but may vary greatly in prac-
tice according to the skill and techniques used in making the setups.
Not counting side band splash, but simply the ability to produce inter-
ference because of the imperfect selectivity of the receiver on the
adjacent multiplex channel, the order of merit of the interfering
systems is about the same as above.

The susceptibility to sideband splash places the systems in the same
order of merit as signal-to-noise ratio considerations, except for cases
where the interference may exceed threshold. In these cases the
PXX-AM systems have the advantage insofar as they have a high crest
factor.

PROPAGATION ANALYSIS; SUSCEPTIBILITY TO SELECTIVE FADING

To produce selective fading it is necessary to have two or more
propagation paths of different length between the transmitting and
receiving antennas. In order to simplify the problem only two paths
wi.l be considered; the direct and indirect paths differing in length
by a distance d meters. In a C.W, system it is well known that

d=3X10%/(fs —f1)

where f, — f, is the frequency change of the transmitted signal which
causes the relative phase between the direct and indirect waves to
progress through 360 degrees at the receiving antenna. This relation
is independent of the total length of path and the carrier frequency.
If we assume the two waves are in phase at the carrier frequency f,,

3 X 10-%
then they will be in phase again at f, = (fo—f,) or f, = T The

WwWWW . americanradiohistorv.com


www.americanradiohistory.com

MULTIPLEX TRANSMISSION SYSTEMS £75

> .
A o A i

4 \
60"

|
X L1/ P /
s A N/ 3N \| . i/
Ee | i /
% -2 | /.2[0 / /s
g L. i
«< ! -
'.

FREQUENCY MC

Fig. 16—Phase and amplitude versus frequency for two path transmission
(amplitude ratio = 1; d = 60 meters).

f2—h 3 X 10°

waves will be out of phase at f, = ————or f, = ——ZT

In this paper it has been assumed that a 10-megacycle radio-
frequency band is the widest to be considered. On this basis the curves
of Figures 15-22 have been drawn showing the resultant amplitude and
phase characteristic vs. frequency for the combination of two waves
arriving over paths differing in length by the values of d shown for
each figure. Figures 15-18 show the results for equal amplitudes of the
two waves and Figures 19-22 the results for relative amplitudes of
1 to 2. The phase curves show the phase displacement of the resultant
wave from that of the direct wave component. Path length differences
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Fig. 16—Phase and amplitude versus frequency for two path transmissicn
(amplitude ratio =1; d = 30 meters).
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Fig. 17—Phase and amplitude versus frequency for two path transmission
(amplitude ratio—1; d =15 meters).

d, of 60, 30, 15 and 7.5 meters have been used in these curves and it
will be observed that a value of d equal to 7.5 meters (Figures 18 and
22) can be tolerated without difficulty as the phase curve is straight
over the 10-megacycle band and the amplitude variation is less than
one decibel. Of course smaller values of d would give even less trouble.

In Figure 23 is shown a plot of the required height of reflection
point above the direct ray path, vs. distance, to give various constant
path length differences. Thus for a path length of 100 miles and a
path length difference of 7.5 meters the reflecting layer would have to
be 2500 feet above the direct ray at the middle of the path.

Figure 24 is a plot of the angle between the direct and reflected
rays at the receiving antenna, vs. distance for fixed values of d. This
angle is also the grazing angle of the reflected ray at the point of
reflection. In the previous example for a distance of 100 miles and a
value of d ="7.5 meters, the angle is equal to 0.55 degree. Normally
this is too small to allow the directivity of the receiving antenna to
separate the two rays.

On the basis of present knowledge in the frequency range 1000-
4000 megacycles we are aware of no atmospheric discontinuity occur-
ring which is capable of reflecting or refracting a large percentage of
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Fig. 18—Phase and amplitude versus frequency for two path transmission
(amplitude ratio =1; d ==17.b meters),
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Fig. 19—Phase and amplitude versus frequency for two path transmission
(amplitude ratio = 15 ; d = 60 meters).

the energy through as large an angle as 0.5 degree. It is known that
very small percentages of the energy are turned through angles of this
magnitude at times.

Recent experience with microwave radio relay equipment!! oper-
ating in the neighborhood of 4000 megacycles has indicated very small
path length differences due to discontinuities in the atmosphere. These
path length differences appear to be much less than one meter. If this
conclusion is correct the problem of selective fading disappears almost
completely with respect to atmospheric discontinuities.

It should be born in mind that difficulties can arise due to too high
locations of the ends of a radio link whereby a large component of
ground reflected ray is present with a large path length difference as
compared with the direct ray. Under these conditions a value of @ of
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Iig. 20—Phase and amplitude versus frequency for two path transmission
(amplitude ratio = %; d = 30 meters).
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Fig. 21—Phase and amplitude versus frequency for two path transmission
(amplitude ratio = %; d =15 meters).

30 meters would be obtained for a 100 mile path if the terminals were
5100 feet above the center ground level of the path. Here the angle
between the direct and reflected rays would be 1.1 degrees which would
not allow good separation of the rays by virtue of receiving antenna
directivity in most cases. A value of d = 30 meters would give bad
distortion. (See Figures 18 and 20).

The above discussion applies directly to C.W. systems but a similar
analysis for a pulse system shows comparable results. As an example
a 30-meter path length difference corresponds with a time delay of
0.1 microsecond. In a pulse system utilizing a 10-megacycle radio-
frequency band the pulse width at half amplitude would be about 0.1
microsecond. Thus the combination of the pulse over the direct path
along with the pulse over the indirect path gives rise to a new pulse
of about double normal width or one having two peaks. In a PNM,
PAM, or PPN system the widened pulse would give rise to interchannel
cross modulation and in a PCM system the wrong code might be regis-
tered giving bad distortion.

It is to be expected that path length differences of less than one
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Fig. 22—Phase and amplitude versus frequency for two path transmission
(amplitude ratio = %; d =17.5 meters).
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meter would give no trouble from selective fading on any of the systems
discussed in this paper. It is felt that sufficient data is not available
on the subject of path length differences actually encountered and
accordingly an experimental study of this phenomenon might prove

fruitful.
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Fig. 24—Angle between direct and reflected rays versus distance for fixed
values of d.
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1t was desirable to obtain experimental confirmation of the above
theory for the major systems. Experimental setups were made of
PPM-AM, PPM-FM, SS-PM, SS-PM-FM, PAM*+FM, PAM+FM-FM
and PNM-FM-FM.

The comparison was made with B = 4 megacycles, n = 30 channels.
and f,, = 3000 cycles.

In checking for the signal-noise ratio compared to AM, it was found
possible to check the formula within one or two decibels in each case.
but certain detail considerations were brought out by the tests that
warrant further discussion,

PPM-AM

1. The theory assumes that minimum width pulses are used. If
the pulse width is greater than the minimum which the receiver will
pass, the signal-noise ratio is poorer,

2. The theory assumes that both leading and trailing edges of the
pulses are demodulated separately and the outputs added. Usually
only one side is used and this involves a sacrifice of 3 decibels.

3. A synchronizing pulse must be used, sacrificing the equivalent
of one channel for this purpose. Then % 4+ 1 should be substituted for
n in the formula for K,.

4. The theory assumes f,=3f,. If a different ratio is used the
formula must be corrected.

5. Sometimes greater power is used in the synchronizing pulse
than in the others. If so, this power does not contribute to signal
strength and a correction is necessary in the value of R,.

6. The theory assumes that the phase modulation of each pulse can
modulate it a peak distance of 15 of the space between adjacent pulses.
A change in bandwidth changes the value of the usable fraction of
this period. For best accuracy the true value should be substituted in
each case.

When a correction was made for each of the above points the
experimental setup checked the theoretical formula quite accurately.

PPM-FM

Of the corrections for PPM-AM mentioned above, points 2, 3 and 4
apply with equal force to PPM-FM. With these corrections applied
the experimental setup checked the formula quite well.
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SS-PM

The formula for SS-PM is derived on the assumption that the peak
allowable frequency deviation is B/2. This seems to be a practical
assumption if B/#nf, is of the order of 10 or larger. For smaller values
of this ratio it may be found that the peak frequency deviation is
limited to about half the theoretical figure of B/2 if cross mcdulation
is to be avoided.

In one experimental setup this was found to be the case. The cor-
rection in the R, formula required by this reduction in modulation is
the same order of magnitude as the correction for the high crest factor
of telephone signals. (See page 437.) Since these two corrections
approximately cancel each other, it may be considered that the formula
for R, (SS-PM) is still that given, after both corrections are applied.

SS-PM-FM

As in the SS-PM system above, the modulation of the intermediate
sub-carrier had to be reduced from the theoretical value about 3 deci-
bels to reduce the cross modulation. In spite of this fact, the formula

B

R,(SS-PM-FM) = 0.17
i f,
checked very closely.

This formula was actually developed for SS-PM-PM and it was
mentioned that if the final modulation was FM instead of PM it is
possible that a 3-decibel improvement would result. Apparently the
assumption is correct and this improvement just balances the modula-
tion reduction.

PAM = FM

The most important practical consideration in this system is
whether or not cross talk balancing is employed. This is discussed in
the theoretical work. The measured signal noise ratio checked the
theoretical quite closely for both conditions.

PAM = FM-FM

This system checked about 6 decibels below theoretical in the value
of R, It is believed that this may have been due to one of the trans-
mitter modulator circuits which was somewhat narrower in band width
than desirable.
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PNM-FM-FM

A pulse numbers system having only one channel was set up and
operated. The circuit required is novel but will not be described in
detail here. Since the signal is supposed to be proportional to the
averaged density of the pulse sequence over an appreciable interval of
time, it is necessary that a memory or storage circuit be used with a
comparator circuit to determine whether each successive pulse should
be transmitted and omitted.

In the setup the ratio of the fundamental pulse rate to the maximum
audio frequency was 33 instead of 21 used in the theoretical work.

Voice transmission and other types of modulation were tried. Dis-
tortion was appreciable but nct bad. The noise characteristics seemed
to be about that predicted by theory. When operating above threshold
the noise was below the hum level of 60 decibels.

Pulse Interference

The susceptibility of the various systems to pulse interference was
also tested. The check with the theoretical predictions was only fair.
In particular the performance of SS-PM on weak impulse noise was
very poor for unknown reasons. On strong impulse noise it was best
of all.

C.W. Interference

This test checked the theory quite well showing PPM-AM to be
best for working through C.W. interference on the same frequency.

Conclusion

The various multiplex systems can now be placed in the order of
merit from a signal noise ratio standpoint. The order of merit is
somewhat different for various other characteristics. A final chuice
of the most desirable system cannot be made without weighting factors
to determine the relative importance of various system characteristics.
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THE PACK TRANSMITTER*
By

J. L. HATHAWAY AND W. HOTINE

Engineering Development. National Broadeasting Co.. Inc.,
New York, N. Y.

Summary—A portable, low-powered, high-quality, high-frequency trans-
mitter is described, which has its application in the remote pickup of sound
broadcast programs when extreme mobility and freedom of action are
required. This new model pack transmitter is approximately onc third
smaller in size and weight than previous models, yet is capable of improved
performance. The savings in space and weight are madz possible by the
type of comstruction employed, together with the wuse of miniature tupe
tubes. Simplified tuning controls, high-level modulation, automatic audio
gain control, high-frequency pre-emphasis and high-quality monitoring are
provided in the design of this unit.

INTRODUCTION

employed extensively for sound broadcast relay service and have

been found useful particularly in such applications as the remote
pickup of golf matches, parades, and other events requiring freedom
of action during the broadcast. This type of transmitter has been
termed a pack transmitter because it is a completely self-contained
portable unit which can be operated and transported simultaneously
by one man, and is usually carried on the back like a knapsack or pack.

PORTABLE, low-powered, high-frequency transmitters have been

In 1929 the first known successful broadcast using such a pack
transmitter was made by a parachute jumper who described the sensa-
tions of his descent to earth on a network program. The transmitter
in use on that occasion was quite heavy, had only fair audio quality,
was somewhat unstable, and was very limited in its operating time due
to short battery life. Since that time many improvements have been
incorporated in succeeding transmitter models of this general type.
This progress in development has culminated in the type of pack
transmitter described in this paper, in which improvements have been
made possible mainly by taking advantage of tube development in the
miniature and subminiature class.

GENERAL CHARACTERISTICS

The new pack transmitter has been designed for use within the

* Decimal Classification: R350 X R549
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25-32 megacycle band. The operating frequency is determined by a
quartz crystal within 0.01 per cent of the assigned frequency over a
wide range of ambient temperatures.

The factor deemed most important in considering the design of this
transmitter was optimum performance at the minimum possible weight
and space, consistent with a reasonably long battery life. Additional
desirable features included a rugged construction capable of withstand-
ing abuse, and a simple tuning procedure with a minimum number of
controls to facilitate operation and reduce errors.

Considerable savings in weight and space were made possible by

i B :
- . = ¢ ¢ T __________..,..---'—"""
Fig. 1—Pack transmitter—front Fig. 2—Pack transmitter—back
view (cover plates removed). view (cover plates removed).

resorting to a type of construction which may be described as an
“integral” chassis and case. This construction is shown in Figures 1
and 2. Figure 1 shows the front side of the transmitter, with the front
cover plate removed, while Figure 2 shows the back of the transmitter,
with the back cover plate removed. In this type of construction, the
sides, top and bottom of the case enclose a vertical dividing wall which
is used as a chassis. Shield partitions subdivide the chassis space on
each side, and provide additional mounting space for components, all
of which are easily accessible for servicing when the cover plates are
removed. This construction provides interior bracing to the case, thus
increasing its strength, and yet conserving space and weight.

The external housing dimensions of the pack transmitter are only
93/ inches wide by 1214 inches high by 5% inches deep. The dimen-
sions are such that carrying is extremely easy, since the unit does not
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protrude too far from the back and the height dimension is small
enough to avoid bumping of the lower edge against the hip of the
operator. The illustration of Figure 3 shows the transmitter in oper-
ation, strapped to the operator’s back.

The overall weight, including batteries and protective cover, is 24
pounds. In order to withstand adverse weather conditions, the pro-
tective cover is made of treated canvas and is highly water repellent.
The transmitter in its canvas case is pictured in Figure 4.

Batteries, of available standard types to simplify battery replace-
ment, provide about 6 hours of continuous opevation, which corresponds

i
S
i v o

YR

" i L

Fig. 83—Pack transmitter in port- Fig. 4—Pack transmitter in
able operating position. waterproof case,

approximately to 15 hours of operation at a rate of about 1 hour per
day.

Any high-quality, low-impedance microphone may be plugged in
by way of a 3-pin Cannon receptacle, as shown in Figure 3. Polariza-
tion of the microphone should be such as to produce predominantly
upward modulation rather than downward, inasmuch as more undix-
torted output power is available if polarvization is properly maintained.!

RADIO FREQUENCY PORTION

A standard type RC2, BT-cut quartz crystal is used in a simple
Pierce oscillator circuit, as shown in the schematic diagram of Figure
5, utilizing one section of a Type 3A5 miniature dual triode envelope.

1J. L. Hathaway, “Effect of Microphone Polarity on Percentage Modu-
lation”, Electronics, October, 1939.
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The other section of this tube is used as a frequency tripler, which is
somewhat overneutralized in order to increase the harmonic amplitude.
Output from the tripler stage is balanced to ground and is applied to
the grids of the push-pull output stage which is a second Type SA5
tube, operated as a Class-C neutralized power amplifier. Exact neu-
tralization is achieved by adjustment of a single 5-micromicrofarad
variable condenser, a fixed 5-micromicrofarad condenser “‘cross-
neutralizing” the opposite portion of the dual triode.

The antenna is energized from a split output coil arranged on each
side of the power amplifier tank inductance. It is closely coupled to
the tank and is of sufficient inductance to load correctly a short length
of vertical antenna. The four section telescopic antenna is adjusted
in length during the tuning procedure for proper loading of the power
amplifier.

As shown in the photograph of Figure 1 and as indicated in the
schematic diagram (Figure 5), the only tuning adjustments required
in normal operation are those of the tripler tank and power amplifier
tank. Neither of these is extremely critical, and highly-skilled per-
sonnel are not required for their proper alignment.

Neutralizing may be accomplished very simply at the front panel,
holes being provided for screwdriver adjustment of the wvariable
neutralizing condenser and for screwdriver operation of a power
amplifier plate supply on-off switch.

AUDIO-FREQUENCY PORTION

The audio-frequency section of the transmitter consists of a four-
stage amplifier, the final stage of which is a push-pull class-B plate
modulator for the radio-frequency power amplifier.

Some degree of high-frequency peaking is included at the input
transformer to gain the desirable effects of pre-emphasis at the trans-
mitter with subsequent de-emphasis in a receiver. The degree of
pre-emphasis is equivalent to that of a 10-microsecond time constant
circuit.

Automatic audio gain control is employed in order to eliminate the
necessity for manual control, and to permit a high percentage of
modulation at all times without appreciable overmodulation. The
automatic control action is achieved by rectifying a portion of the
output energy of the third audio amplifier stage and applying the
rectified voltage to the grid circuits of the first two stages. Time
constants employed are such that the second stage acts appreciably
faster than the first, in order to reduce objectionable “thumps” and
“plops”. A germanium crystal rectifier is shunted by a fixed resistor
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so that the overall back resistance in the circuit remains as constant
as possible with variations of ambient temperature and differences
between individual crystal units. The ‘“back resistance” must remain
substantially constant in order to obtain the correct no-signal Lias
voltage on the grids of the first two stages. So called “delay bias”
voltage is applied to the rectifier from a d-c voltage divider circuit
which is bled off the plate of the third stage. This “delay bias” prevents
rectification at extremely low input signal levels and thereby straight-
ens the control characteristic of the system.

The Class-B driver and output transformers are physically rather
large in order to prevent core saturation and are designed to provide
optimum impedance transformations together with good frequency
rvesponse characteristies.

FEATURES AND FACILITIES

A small milliameter may be utilized for measurement of any of the
desired plate currents or battery voltages by means of a multi-position
switch, as shown in Figure 1.

A toggle switch is provided for using cither 157% or 180 volit B
supply. The prime purpose of this switch is to permit a shift to the
higher voltage after the B batteries have become partially exhausted.
However, the full 180 volts from new batteries may be applied with
a consequent increase in power output, as described in the concluding
section of this paper.

For applicatic;ns where the transmitter need not be carried, it is
possible to employ either large external batteries or a rectifier type
of power supply. Plate and filament voltages may be applied to the
unit by connection to the receptacle provided for this purpose.

High-quality monitoring of the transmitter is made available to
the operator. A small coil is coupled to the output stage and the output,
rectified by a germanium crystal, is then applied to an electro-acoustic
transducer which is in the form of a miniature magnetic telephone
receiver unit located within the transmitter case. The sound output
from the receiver unit is conducted to the ear by way of a flexible
vinylite tube of Y%-inch outside diameter and equipped with a rubber
ear plug. Figure 3 illustrates the use of the monitor, showing the tube
plugged into the operator’s ear. '

CIRCUIT PRECAUTIONS

It will be noted in the schematic that the first audio amplifier tube
is of the snbminiature type, whereas all other tubes are miniatuves.
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Subminiatures would not be satisfactory for use throughout, since
their output power ratings are tco low. The use of a miniature tube
is not satisfactory in the first audio stage because of excessive micro-
phonics. The particular type subminiature employed in this transmitter
has been found to be excellent in its lack of microphonics and is used
for this reason, rather than for any saving of space or filament power.

Previously-designed pack transmitters have been subject to severe
detuning with changes in the position of the microphone cord. Tuning
adjustments of the final tank circuit and antenna length for one position
of the microphone cord were altered when the position of the micro-
phone cord was changed relative to ground or to the transmitter case.
In order to avoid this detuning effect as much as possible, radio-
frequency chokes were applied in the three microphone leads at the
microphone receptacle.

REsuULTS

Measurements of output power have been made using a 5-ohm
dummy antenna. With the full 180 volt B supply the output power
measures 3.5 watts over the tuning range; with 157% volts it decreases
to 2.5 watts. Harmonic distortion, as measured by feeding a sine wave
into the audio system and rectifying a portion of the radiated energy
at 90 per cent modulation, was about 4 per cent root-mean-square total.

The useful transmission distance is subject to wide variation,
depending upon noise level conditions at the receiver, receiver sensi-
tivity and selectivity, and the propagation path. In general. it is felt
that the useful range lies within the limits of from 1 to 20 miles.
However, in New York City, for example, over a reasonably good path
but with very severe diathermy interference, it was found that the
useful range was about 3 miles.

A number of pack transmitters of this type have been constructed
and are now in use throughout the country. Their performance has
been highly satisfactory. At the Philadelphia national political con-
ventions they were found to out-perform the earlier models of pack
transmitters by a substantial margin, at the same time being appre-
ciably smaller, lighter, easier to operate, and in general more reliable
than the old models.
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ELECTRO-OPTICAL CHARACTERISTICS OF
TELEVISION SYSTEMS*

By

OTTO H. SCHADE

Tube Department, RCA Victor Division,
Harrison, N. J.

NOTE: This paper consists of an Introduction and four parts: Part
I—Characteristics of Vision and Visual Systems; Part II-—Electro-Optical
Specifications for Television Systems; Part I1I--Electro-Optical Character-
istics of Camera Systems; Part IV—Correlation and Evaluation of Electro-
Cptical Characteristics of Imaging Systems. The Introduction and Part
I appeared in the March 1948 issue of RCA Review and Part II in the
June 1948 issue; summaries of these parts are reprinted herewith for refer-
ence purposes. Part III is included in this issue. Part IV is scheduled for
publication in the December issue.

INTRODUCTION; PART I-—CHARACTERISTICS OF VISION
AND VISUAL SYSTEMS

(Reprinted from RCA REVIEW, March, 1948)

Summary—The optical and clectro-optical conversion processes in tele-
vision systems are examined as intermediate stages of a multi-stage process
by which optical information at the real object is “transduced” into sensory
“response” at the brain. The characteristics of the human eye and vision
in the final stage of the process dctermine the requirements and standards
for preceding stages. When expressed on a unified basis by “transfer”
and “aperture response” characteristics, the properties of the process of
vision can be corrvelated with those of external imaging and transducing
processes. It is shown that image definition, or the corresponding informa-
tion from optical or electrical image-transducing stages, can be specified
by the characteristics of an equivalent “resolving aperture”. These charac-
leristics may be computed and measured for all components of the system.

Quantitative data from measurements permit definite quality ratings
- of optical and electrical components with respect to theoretical values. A
subjective rating of the resolution in an imaging process external to the
eye such as a television system is derived by establishing a characteristic
curve for the relative “sharpness” of wision as affected by the “aperture
response’” of the external imaging process.

A general review of the material and the broad methods of analysis
employed are given in the Introduction. Following this, Part I treats
characteristics of vision and visual systems. In this part, viewing angle,
sensation characteristics, color response, persistence of vision, flicker, re-

* Decimal Classification: R138.3 X R583.12.
490
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solving power, response characteristics, and steady and fluctuating bright-
ness distortions are discussed and related to the characteristics of external
vmaging systems and the television process.

PART II—ELECTRO-OPTICAL SPECIFICATIONS FOR
TELEVISION SYSTEMS

(Reprinted fram RCA REVIEW, June, 1948)

Summary—The ability of an image-forming device to reproduce fine
detail can be specified basically by the size and flux distribution of the
small light spot formned as the image of a point source of light. It is shown
that the defining ability of practical image transducers is specified more
accurately by rcsponse characteristics obtained by scanning a test object
with the elemental point image which represents the “resolving aperture”
of the imaging device. Methods of computing and measuring the “aperture
fluxz: response” of practical image transducers are developed for correlation
of optical and electrical system components.

The television raster is treated as a sampling process and its effect
on the system resolution is evaluated as an aperture process. Brightness,
repetition rate, und flicker in television images are treated in relation to
the screen materials and performance of practical kinescopes.

& #* *

There follows the third paper in the series: Part III—Electro-Optical
Characteristics of Camera Systems.
The Manager, RCA Review

PART HI—ELECTRO-OPTICAL CHARACTERISTICS
OF CAMERA SYSTEMS

Summary—Fundamental relations between energy and signal quality
are derived by the concepts of discrete energy “‘samples’” to establish the
principal parameters controlling the energy transfer in television camera
systems. Signal-to-fluctuation ratios and the transfer and aperture-response
characteristics of practical camera components are evaluated subsequently.
The optical characteristics of camera elements are discussed with particu-
lar emphasis on the aperture response of lenses as measured by a television
microphotometer.

A. FUNDAMENTAL RELATIONS BETWEEN ENERGY AND QUALITY
IN IMAGE SIGNALS

The quality of an imaging process may be judged by three prop-
erties of the final image: graininess, sharpness, and tone scale. These
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properties are measured and specified by the signal-to-“noise” ratio
{R|, the aperture response Ay = f(N), and the light-transfer charac-
teristic (¢ image = ¢y object) of the system, and are controlled, to a
large extent if nct entirely, by the characteristics of the transducing
processes in the camera. The three characteristics are not independent
of each other because the energy required by each one increases with
the respective figure of merit.

An imaging process may be regarded fundamentally as a sampling
process. (See Part II, A5 (page 257 et seq.)) With a given number
of energy “samples”, such as a certain number of silver grains in
photographic film, graininess can be decreased in exchange for reso-
lution by integration of samples (defocusing) without effect on the
tone scale in large areas. The transfer characteristic may be altered
by contracting samples into one level by eliminating half tones to
increase sharpness (as in line copying). The resolution may be
increased in exchange for graininess by increasing the relative energy
in small areas by an ‘“aperture correction” process (masking).

The fundamental relations of signal properties can be readily estab-
lished by the concepts of discrete energy samples which can be applied
to all forms of energy or energy flux used in television and photographic
processes.

1. Picture Element Number, Resolution, and Frequency Channel
The smallest detail area a which can be resolved by an imaging
process is a small equivalent square the linear dimension of which
is specified by the limiting 1esolution line number N, or the balanced
cutcff line number N, in the image. This area will be defined as a
“picture element”. The number of picture elements is, therefore, given

by n=N,_2X (H/V) ‘ (38)

where H/V is the aspect ratio of the image.

In a television channel, the total number of picture elements is
the number of half-cycles at cutoff frequency Af in the active scanning
time for one frame. Because of ‘“blanking” periods, the number of
active picture elements, n,, for the camera image or %, for the kinescope
image, are

n, = 17T, Af and n, = 1.58 T, Af (39)
where T,=frame repetition time.

The relation between line number N,, and frequency channel Af
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given by Equation (1), (Part I, page 9) is obtained by combining
Equation (38) and =, from Equation (39). These equations furnish
N, =410 and n, = 224,000 for a standard kinescope image (Af = 4.25
megacycles, T, = 30 cycles) and n, = 240,000 for the camera image.

2. Sample Number and Signal-to-Fluctuation Ratio

A critical comparison of picture elements representing a constant
level discloses deviations of intensity from a mean value. To find the
cause of these deviations, the element is inspected with high magnifi-
cation by removing electrical or optical channel limitations (at least
theoretically). Each element is found to have a structure consisting
of a certain number of “sub-elements” which are groups or aggregates
of still smaller “quanta’”: atom groups forming the silver grains in
photographic film, quanta of light in optical images, electron groups
in television images. The size or density of the sub-element can be
grown from extremely small aggregates or even single quantum units
by multiplication or ‘“development” processes, but the number of sub-
elements or ‘“samples” remains substantially constant. By counting
the number of samples, the cause for the observed deviations from an
average intensity value is found to be a variation in the number of
energy samples within the picture-element dimension. When the dis-
tribution of samples is random (following the Gaussian error function),
the average number of samples %’ in the selected area (N,) multiplied
by the sample energy ¢ is the signal energy n’q; the root-mean-square
value ¢ V% is the root-mean-square fluctuation or “noise” energy. The
signal-to-‘‘noise” ratio, or using the more adequate term the “signal-

to-fluctuation” ratio |R| is, therefore, |R|=n’q/qVn =/n. (40)
The total energy @ in an image representing a constant level is
obviously the number of samples per element multiplied by the element
number (n) of the image Q =nn'q. (41)
Combining Equation (41), (40), and (38) yields the relations
@=|R["q (42a) Q=|R|*N,,2(H/V)q. (42b)

"The image or signal energy increases as the square of both signal-to-
fluctuation ratio and resolution, and in proportion to the sample energy
(q).

The physical size, i.e., the effective diameter 8, of the sample,
imposes a restriction on the maximum obtainable value of the balanced
line number V., because of the aperture effect of the sample (compare
Part II, A.6). A picture element is not resolved by random samples
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unless the spatial or time dimension of the sample is smaller than the
picture element. The aperture effect of the samples in grain structures
can be measured by the same methods used for normal defining
apertures and will be discussed in Part IV.

The reader is cautioned that the picture element area, in which a
subelement count is made without channel restrictions, does not rep-
resent a scanning or resolving aperture with uniform transmission;
such apertures resolve elements (N,) smaller than their diameter.
Equation (42b) is valid only for the particular “aperture” represented
by an electrical frequency channel of constant sine-wave-amplitude
response and sharp cutoff, as specified by the symbol N . Determina-
tion of the size of physical or optical “apertures” and response charac-
teristics yielding the same root-mean-square (r-m-s) fluctuation value
as a specified electrical channel (N,), requires evaluation of the
“filter factor” m (see Part I, page 32) of the aperture. The equivalent
scanning aperture size will be evaluated in Part IV in the discussion
of motion picture film characteristics.

3. Frame Number, Storage Factor, and Energy Flux

The number of images which must be generated per unit time by
a television or motion picture camera is determined by the property
of the visual process to store impressions for a certain length of time.
Incomplete storage causes flicker which has, therefore, determined the
number of image fields per second in television and motion. picture
systems. An estimate of the storage time in the visual process may
be obtained from the following observations.

A square-wave brightness change with 100 per cent amplitude
(black-to-white) occurring at a rate of 24 cycles per second causes a
just perceptible flicker (good storage) at a critical brightness B, = 0.1
foot-lambert (Part I, Figure 6, page 22). The flicker amplitude, how-
ever, increases rapidly when the brightness is increased, indicating a
likely decrease of storage.

At an average field brightness B =1 foot-lambert, the amplitude
of the 24-cycle fluctuation must be decreased by a factor of 16 to
reduce flicker again to a just perceptible value. The effective storage
time, hence, has decreased to less than 1/24 second assuming 2 per cent
as the minimum perceptible brightness difference. Observations made
by the author on interlaced television fields repeating at 60 cycles per
second have shown,* similarly, that flicker becomes noticeable at B =10
foot-lamberts when consecutive fields are made to differ only 8 per
cent in intensity when a 30-cycle fluctuation of this small amplitude

* The measurements were made on (standard) sulfide sereen materials.
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is introduced. It may be concluded that motion picture or television
images shown at a rate of 48 and 60 fields per second, respectively,
are stored and blended by the eye at “normal” brightness levels of 1
and 10 foot-lamberts, respectively, over a period hardly exceeding two
fields. The motion picture shows a complete image in every field, the
image content, i.e., the sample distribution, being changed every two
fields. The number of simultaneous sample impressions alternates,
therefore, from @ when the same frame repeats to not more than 2 Q
when successive fields are different frames. The average number of
sample impressions is, therefore, increased by a storage factor 8" = 1.5
at B = 1 foot-lambert.

The situation is different in television. Because of the interlacing
process, new samples are shown in the same image area only at a
constant 30-cycle rate. The number of simultaneous impressions is not
increased by storage beyond that of a single frame and the storage
factor is unity (s"=1 at B = 10 foot-lamberts). Changes in the decay
characteristics of kinescope screen materials or of the interruption
periods in motion picture shutters may increase these storage factors
somewhat. Increases in brightness levels above these (normal) values
decreases ', while reductions of B can effect considerable increases of
the effective storage factor of the visual process.

The energy flux () which must be generated by a television or

motion picture camera system is, therefore, G = Q/(T, X s") (43)

when 1/T; = number of complete images or frames in one second and
s” = storage factor of the eye with the tentative values s’=1 at
B =10 foot-lamberts for 30-frame television and s’=1.5 at B=—1
foot-lambert for 24-frame motion pictures shown with twice the field
number. Combining Equations (43) and (42a) expresses the signal
flux in terms of the average number of samples per unit time

F = |R|*ng/ (s'T)) (44a)
or with Equation (42b) G =|R|*N2(H/V)q/(s'T)). (44b)

In optical units, the energy flux is the light flux & = ¢ lumen; the
smallest sample energy being one quantum of light. For white light,
q, = 7.7 X 1017 lumen.

In electrical units, the energy flux is the current & =1 ampere;
the smallest sample being the energy of one electron ¢, = 1.6 X 101
ampere.

In motion picture film, the sample ¢ represents one average or
equivalent grain.
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The signal current in a television channel is expressed by combining
Equations (44a) and (39) & = |R|*1.7:fq,;

I= 272 |R[2Af X 10-1% ampere (45)

This current is, for example, the photocathode current in a light-
spot scanner using a kinescope phosphor with negligible time delay. It
is also the signal current of an image dissector tube divided by the
gain of its electron multiplier. For a frequency channel Af =4.25
megacycles and |[R| =100, ] =0.0116 microamps.

It is apparent that the signal flux (or current) which is required
for a given signal quality should be determined at a point where suc-
ceeding processes do not decrease the sample number. Processes which
increase the sample energy (q) by (electron) multiplication or amplifi-
cation do not affect the value & (or I) although they may change the
balance between |R| and N, by an aperture effect which can be evaluated
separately.

4. Additive Fluctuation Energies (Q,)

Many conversion or amplifying processes introduce additional
fluctuation energy which contributes nothing to the desired signal but
increases the fluctuation level. The resulting change of the ratio |R|
can be determined as follows.

The normal signal-to-fluctuation ratio in a process is given by
Equation (40).

Additional random samples representing the fluctuation energy
n,q per element do not increase the desired signal n’, but by being
added to the total number increase the fluctuation value to q (%’ + n,)1/2,
with the result:

R =w/(w +n)¥: (46)  or  |RP=|R]¥/(1+mn/n). (47)

By substituting this expression into Equation (42) or (44), it is
readily seen that the flux & or the signal input energy Q to a process
introducing additional fluctuation energy must be increased (to main-
tain a given ratio |R|) to the values

Q=Q(1+Q/Q) and F'=F A+ F/F) (48)

or the additional fluctuation energy will cause a decrease of |R| to the
lower value given by Equation (46).

Addition of a constant fluctuation energy alters the manner in
which |R’| varies as a function of signal energy.

The effect of inserting various comstant amounts of fluctuation
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by introducing the shot “noise” of a beam or amplifier current in a
television camera or the “fog’” caused by a developing process, or stray
illumination (haze, flare) in a photographic process. The addition
causes a more rapid decrease of |R| which decreases in proportion to
the signal for the signal range where Q= Q.
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5. Non-Linear Transfer of Signals and Fluctuations

The relations between the signal-to-fluctuation ratio |R| and the
signal forms @ or & in Figure 43 are not disturbed by amplification
in transducers having a linear transfer characteristic, i.e., a constant
transfer factor (¢) independent of signal amplitude and “operating
point”. The transfer of energy over a non-linear characteristie, how-
ever, alters |R| because large and small signals are no longer affected
in proportion.

The effects of signal distortion by non-linear transfer character-
istics are well known in electron tube engineering. The transfer factor
G for large unidirectional signals AS measured from a zero point differs
from the differential small-signal transfer factor g as illustrated by
Figure 44. The large-signal transfer factor is the ratio of the incre-

ments AS measured from the operating point 0, G — AG /AT, (49a)

while the differential transfer factor is determined by the slope of the
characteristic 9 =dFou/AFp. (49b)
It is apparent that G as well as ¢ are functions of . The choice of the

zero-signal point or operating point 0 has a considerable effect on the
relative values of signals with superimposed fluctuations.

When the operation point 0 coincides with the value F =0, the
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“transfer ratio” G/g has values smaller than unity when ¢ is increasing
steadily (Figure 44(a)) and values larger than unity when g is de-
creasing (Figure 44(b)). The signal-to-fluctuation ratio |R| is then

increased or decreased by the factor |R|out = G/9|Rlin- (50)

For power-law characteristics, the transfer ratio has a constant value.
A square-law characteristic has the value G/g = 0.5, and for a cube-law
characteristic (kinescope characteristic, see Figure 41, Part II, page
279), G/g =%. The relative fluctuation increase in these cases is
accompanied by a gradual expansion of signals (AY) and a corre-
spondingly larger expansion of differential signals at all levels. Char-
acteristics with increasing slope (g) increase, therefore, the contrast
in the highlights as well as the detail contrast¥* although they decrease

INPUT FLUX (¥ 1) ~ARBITRARY UNITS INPUT FLUX (¥ 18)-ARBITRARY UNITS
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I'ig. 44(a) —Decrease in signal-to- I'ig. 44(b)—Increase in signal-to-

fluctuation ratio due to transfer fluctuation ratio due to transfer
characteristic with increasing characteristic with decreasing
slope. slope.

the signal-to-fluctuation ratio |R|; an exchange which should be
expected from Equation (42b). The opposite effect occurs with trans-
fer characteristics of decreasing slope which cause a compression of
signals. A Y-power characteristic, for example, has a constant transfer
ratio G/g =2. Fluctuations are reduced, i.e., |R| increases by this
factor, but the high-light contrast as well as the detail contrast at all
levels is decreased by the same factor.

Practical transfer characteristics depart more or less from a true
power law. Many processes also cause a reversal of signal polarity, i.e.,
“negative” image signals, where “black” represents a high flux value
and “white” a low flux value. The reversal of polarity may then cause

* This detail contrast increase is not an “aperture” effect because the
aperture response is a ratio measured at one given signal level.
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the transfer ratio G/g to become inverted because G is a different
function of A%,

When the operating point 0 is placed at a value & > 0, which is the
case in most amplifying processes as well as in the use of photographic
negative film, the transfer ratio G/¢ is, in general, a function of the
signal flux. Its initial value is always unity. With larger signals G/g
increases or decreases depending on the curvature of the non-linear
characteristic. Characteristics following a constant power law cause
the transfer ratio to change from unity at small signals to the values
obtained for 0 = 0 when the signal amplitude has become sufficiently
large. The range of signal amplitudes in which this change occurs is
small when the operating “bias” is small, i.e., when 0 is only slightly
above zero level. A more gradual change of G/¢ from unity to its final
value is obtained with larger “bias” values. It fcllows, in general, th-t
the signal-to-fluctuation ratio |R| may vary as a function of signal in
many different ways depending on the curvature cf the transfer char-
acteristics and the position of the operating point 0 on the charactar-
istics. Expansion of a signal or tone range decreases |R| and increases
the detail contrast within the expanded section, and vice versa. Res-
toration of linearity in the over-all “amplifying” process results again
in the original ratio |R|.

6. The Transfer Characteristic, Storage Capacity, and Signal-to-
Fluctuation Ratio in Primary Signal-Conversicn Processes

Of particular interest are the effects of a non-linear transfer char-
acteristic on the properties of the primary signal-conversion process
in the camera system, i.e., the process which determines the lowest
energy level and sample number in the signal generating system. A
signal-conversion process may be linear or have a transfer charac-
teristic following a law of diminishing returns. In the latter case,
sample number and energy (see Equations (40) to (42)) may increase
according to the law Q = Qax (1 —e*0:)
which is usually mcdified by secondary effects: retarding forces which
increase with the number of transduced or stored samrles as shown by
the characteristics in Figure 45. Typical examples of transducers with
diminishing returns are the eye, photographic film, and television
pickup tubes such as the iconoscope, and the image orthicon. It is
evident that characteristics of this type can cover a large range of
input energy with a relatively small change in the total number of
transduced or stored samples. The small range of Q can be expanded
again in later processes by transfer characteristics with increasing
slope.
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1 Fig. 46—Transfer character-
+| istiecs with diminishing vre-
turns.

CuRvE .
Q= Quax (1-6"°) 1
2,3 = PRACTICAL

CHARACTERISTICS

1Q/Q max)
—

' A primary signal-conver-
Jl[+ sion process with a non-
linear transfer characteris-
tic of the above type offers
basically no advantage over
;l a linear process with re-
=i NV R spect to sensitivity or the

iR R *° total input (light) energy.
It does require, however, only a fraction of the energy-handling or
storage capacity of the linear process. To cover an input range of
200 to 1, the “sample” capacity of the linear process (1) in Figure 46
must be 12.5 times larger than that of the “logarithmic” process (2);
for a given limited “capacity,” therefore, the linear process is restricted
in range. The storage capacity of photographic film, for example, is
determined by the number of developable grains per unit area. It
increases with grain density and area. The energy storage in television
transducers (camera tubes) occurs in form of electrical charge storage
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o ©
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Q=CFE,. (51)

The total electrical capacitance C of the storage area and the potential
E; to which it may be charged increase, therefore, with signal quality

and range. The required capacitance can be related to resolution (N,
or Af) and |R| by substituting Equations (42a) and (39) into (51)

yielding C =272 |RPAfT, X 10-°/F,,.

Because the developing process may introduce additional fluctuations
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by an auxiliary current I, we obtain according to Equation (48) the

more general equation C =272 |R2(1+I/DAf T, X 10%/E, (52)

where €' = capacitance in farad, I, = auxiliary current (beam current)
required for obtaining the particular signal current I at the ratio |RI,
and F,.= maximum charge potential on C in volts. (The performance
of practical camera tube types is discussed in Section B.2).

The signal-to-fluctuation ratio of both linear and logarithmic char-
acteristics is plotted against input energy in Figure 46. It increases
in proportion to the square root of the output energy (Q), but in the
logarithmic process (Curve 2), |R| is no longer proportional to the
square root of the input energy (Q;,) and increases only by a factor
of two from Q,, — 4 to Q;, = 200. The slow increase results from the
“saving” in output energy but is not necessarily a disadvantage. When
expanded in later transducing stages to give a linear over-all response,
the ratio |R| is decreased as shown by Curve (2a). The expansion can
be made in several stages, as long as the product produces the inverse
transfer characteristic of the primary process.

Transfer characteristics with lower slope (Curve (3) in Figure 46)
will cause a larger decrease of [R| as a function of signal when the
over-all response is linearized (Curve 3a). A certain slope can, there-
fore, be found for which |R| will remain fairly constant.* This con-
dition permits a maximum in performance with a minimum output
energy and storage capacity because the constant incremental sensi-
tivity of the eye in the range above 1 foot-lambert indicates that a
constant |R] in this range is probably satisfactory. (Discussed further
in Part 1V.)

The logarithmic response of the visual process (Figure 3a, Part I,
page 16) suggests that the sensation scale (S) may be related by a
similar mechanism to the sample energy @ transduced by the light
conversion process and that |R| is constant for B >1 foot-lambert.
Threshold conditions imposed by the fluctuation ratio |R| in the toe
region of the transfer characteristic have been discussed recently by
A. Rose in several papers???,

The transfer characteristics, transfer efficiency, and aperture re-

* If a certain degree of compression is retained (as in motion pictures),
the optimum slope of the primary characteristic has a lower value than
required for a linear reproduction.

26 A. Rose, “A Unified Approach to the Performance of Photographic
Film, Television Pickup Tubes and the Human Eye”, Jour. Soc. Mot. Pic.
Eng., Vol. 47, No. 4, p. 273, October, 1946.

27 A. Rose, “The Sensitivity Performance of the Human Eye on an
Absolute Scale”, Jour. Opt. Soc. Amer., Vol. 38, No. Z, pp. 196-208, February,
1948.
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sponse characteristics of optical and electrical components in practiecal
camera systems will be evaluated in subsequent sections.

B. TRANSFER CHARACTERISTICS AND APERTURE RESPONSE
OF CAMERA COMPONENTS

1. Optical Characteristics

The camera lens performs two principal functions: the collection
of light energy emitted or reflected from an object or scene; and, the
transfer of this energy to a photosensitive surface on which it must
form an accurate image of the energy distribution in the object. The
energy level in the image is determined, therefore, by parameters
controlling the collection and transfer efficiency of the lens, while the
accuracy in reproducing the energy distribution is specified by the
transfer and aperture-response characteristics of the lens.

a. Collection Factor and Transfer Factor (g,,,)

The camera lens covers a field of view with the diagonal angle 24.
The field is in sharp focus at a certain lens-to-object distance d (see
Figure 47). For a standard television aspect ratio (H/V = 4/3), the

P CAMERA LENS

o i _ Fig. 47—Light flux pickup of
T R :_{} camera lens.

v
-1- JIL/ — . J \:/n\.lo:?:hdxs

projected dimensions of the object area (A4,) is A,= (4/3) V2% (53)
Expressed by the viewing ratio p=d/V=1/(1.2tan 0) (54)
the object area is given by A,= (4/3) (d/p)* (55)

The light flux reflected from A, is determined by measuring the
average flux density B, (foot-lamberts) with an exposure or foot-candle

meter. The object light flux is given by ¥v,=B,A,/144 lumen
or with Equation (55)

v, =092 B, (d/p)*10-2lumen (d in inches). (56)
The camera lens admits to the camera a cone of light with the
solid angle 2« frcm the hemispherical radiation of each elemental

object point. Assuming a Lambert distribution of the object-point
flux, the fraction K admitted by the lens diameter 8 to the camera is

given by Yoo/ Yor = K =sin’e; K=1/((2d/8)* +1) (57)
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The collection factor K decreases for points near the edges of the field
especially fcr thick lenses and large angles of view (6)%*. With few
exceptions the object distance is much larger than the lens aperture

(d >> §) permitting the simplification K= (§/2d)* (58)

In passing through the lens, the light flux is reduced by reflections
on glass-air surfaces and by absorption in cement layers. These losses
are specified by the transmission factor. For normal angles, a good
three-piece lens with six glass-air surfaces and two cement layers has
a transmission factor 7 ==10.92 (coated) and r = 0.75 (uncoated)
The product 7K specifies the efficiency of the lens in collecting and
transducing light flux to the image surface.

Y/ Yo =1 (8/2d)? (59)
Combining Equations (59) and (56) yields an expression for the
light flux in practical units

v1=2371 (8/p)? B, 102 lumen (Lens diameter § in inches). (60)
The ratio g,=A¢/AB, =237 (§/p)?10-8 (61)

is the optical transfer factor of the television camera. It is propor-
tional to the lens-stop diameter squared but independent of f: number
and focal length (F) of the lens.

The optical transfer factor for photographic film is more adequately
expressed by an illumination-to-brightness ratio

9., = AE/AB, (62)

because the film exposure depends on light flux density, the total flux
¥; being, therefore, a function of image area. By dividing Equation
(59) by the ratio of the areas which equals the linear magnification

squared: AJA, =M
1

and with the substitutions §=F/f: and d=(—+ 1) F
M

The optical transfer factor for film is obtained in the familiar form:

9oy =AE/AB,=+/(2f: (M + 1))* (63)
A specific photographic “signal” requires a given energy @Q per

* (See Section B.1(c).)
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unit of film area to effectively serve as an attenuator of light after
development. The total energy increases, therefore, with film area,
but the signal quality increases because of & corresponding increase
in resolution.

The television signals from an f:2 lens with 2-inch focal length to
an image “plate” with a 1.5-inch diagonal, or from an f:6 lens of 6-inch
focal length to an image plate with a 4.5-inch image diagonal, however,
are identical because the diameters (8) of these lenses are equal and,
also, the value of light flux ¢,. (See Equation (60)). The difference
is caused by the fixed resolution in a given frequency channel which
specifies a constant energy flux (See Equation (45)) for a given signal
quality.

The selection of a large or small television camera image depends,
therefore, on factors such as the relative aperture response of lenses
and pickup tubes of different size in the range below the cutoff reso-
lution N, of the system.

b. Optical Transfer Characteristics und Contrast Range in Camera
Images

The light transfer characteristic of optical imaging systems de-
parts from the ideal linear relationship E;/B,= constant because of
reflection and scattering of light in the camera.

Reflections and diffusion of light in the camera lens can be treated
as an “aperture” effect caused by a large diffusion disc of very low
intensity (See Part II, Figure 19, page 252) which reduces the flux
response at low line numbers. This effect, termed “lens flare”, is of a
different order than the detail response factor at higher line numbers
(See next Section). Lens flare is reduced considerably by “coating”
the glass-air surfaces of the lens, but depends also on the general
correction of the lens which determines its detail response. The large
diameter of the diffusion disc (in the order of centimeters) causes the
optical transfer characteristic to become a function of image content.
This function is best illustrated by the transition curve from a unit
function boundary which can be measured statically by projection
in an enlarger (Figure 48). For a rough but useful approximation in
evaluating the effects of lens flare the back of the lens surface may
be considered as a source of diffused image light flux ¥, which is a
certain fraction

b=/¥ (64)
of the total light flux (¥) transmitted through the lens. The value of

b is in the order of b = 0.05 for uncoated lenses and b =< 0.01 for
coated lenses.

wWwWWwW . americanradiohistorv.com


www.americanradiohistory.com

TV ELECTRO-OPTICAL CHARACTERISTICS 505

004
[70 0.5 AT X=0

| CURVE] LENS I_T

I |I50MM ZEISS TESSAR 163|074
UNCOATED (AT f:8)
2 [127MM E.K. EKTAR f14.5 0.91
0.03}— | — COATED (ATf5 6)

IMAGE PLANE

Y5> CLOSED BY

BLACK PAPER
~

Fig. 48—Transition
curves for coated
and uncoated lens.

TO 0.5 AT X=0

"RELATIVE ILLUMINATION {E/Emax)
o
4 <
R

0.0l n
i
DIFFUSING i .
— ’ GLASS 93rA WITH a"
ENCLOSED DIA. APERTURE
2 / LIGHT SOURCE
|_E—

|

0
DISPLACEMENT (X)FROM EDGE N IMAGE PLANE-CENTIMETERS

The light flux ¢b is superimposed as a more or less uniform “light
bias” on the image flux, displacing the transfer characteristic by an
additive constant b £ as shown in Figure 49a. The value b E is, there-
fore, the minimum illumination in the transferred image which limits
the maximum contrast in the image to C,,,= (E+bE)/bE. (65)

The average illumination £ of the image plane can be considerably
higher than the average image illumination E, inside the useful image
frame when light sources are imaged by the lens outside the frame
area. To illustrate this case, assume a normal ratio of peak-to-average
illumination £,/E; = 6 in the image. A bright sky imaged outside the
frame may, however, raise the total average to E=10E, For an
uncoated lens with b = 0.05, Equation (65) furnishes the maximum
image contrast C,,.=13. A coated lens (b =0.01) would give a
_maximum contrast Cp,, = 61.

The contrast range is increased considerably by restricting the
light pickup of the lens to the useful image area by means of a rec-
tangular shade of proper dimensions. The average values E and E, are
then identical which, for the above example, increases the image con-
trast to C,,. = 121 and 601, respectively.

In television transducers, such as the image orthicon, a lens shade
is particularly effective because the deteri-
oration of the tone scale in the ‘“blacks”
is augmented by “electron reflection” from
saturated high-light areas in the trans-
mitted image, or imaged on unused por-

(EiOR ¥ i)

~ ~ -
i Vezo¥;

IMAGE ILLUMINATION QR FLUX

Fig. 49(a) — Transfer characteristics and
OBJECT BRIGHTNESS OR FLUX (Boo o) “flare”’ light-bias of a lens.
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tions of the photccathode. To prevent further loss of contrast, the
camera walls should be treated to have a very low reflection coefficient.
Surfaces should be rough, broken up into cavities by grooving, or coated
with fluffy dead black material (velvet, etc.). Light baffles or masks
must cover unused portions c¢f the image surface, which itself should
be made as non-reflecting as possible. When the image surface is
transparent, as in modern transducers, all tube parts exposed to trans-
mitted light should be treated similarly. Most important, however, is
the use of lens shades to prevent excess light from passing through
the lens and entering the camera.

Measured values of maximum image contrast ranges are shown in
Figure 49(b) as a function of the peak-to-average ratio B/B (illumi-

T 7T T 1 11 T T
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Fig. 49 (b)—Large-area contrast in optical camera images.

nation ratio E/F in Figure 49(b)) for simple test objects.

Correction of the transfer curve

It is electrically quite simple to subtract a light bias by adjusting
the electrical black level (clipping level or shading), provided b is a
constant or varies smoothly from top to bottom or side to side of the
image. If the transducer has a linear transfer characteristic (in the
blacks especially), the original linear tone scale can be restored in
this manner.

In non-linear processes the correction is more difficult requiring a
curved transfer characteristic. In both cases the “bias” light flux
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contributes nothing to the useful signal and is, thercfore, a fluctua-
tion energy (Q; or F,) decreasing the ratio |R| as shown in Section
A4,

c. Resolving Power and “Aperture” Response of Camera Lenses

The resolving power of a perfect lens is limited by the finite wave-
length (\) of light. The optical elements filling the lens opening may
be pcerfect for directing an undistorted wavefront from an object point
to a point focus, but the finite boundaries of the lens give rise to phase
differences and sprezding of light at the edges of the limited wavefront
sceticn. This “diffraction” of light causes interference effects. The
point image is spread out over a disc area and surrounded by dark and
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Fig. 50—Aperture flux distribution and response factors of
theoretically perfect lens.

light rings of low intensity. (See Figure 50). The effect of diffraction
dcereases with distance and increasing ratios of lens area to boundary
length. The diffraction disc diameter §, is, therefore, proportional
to the fccal length F and inversely proportional to the lens or stop
diameter §t=%).(29)

= 2 (2,
For F/s>15 Je=122 (2V/HF } (66)

8(: =244 A f.'
M. Born. CPTIC, EIN LEHRBUCH DER ELECTROMAGNETI-
SCHEN LICHTTHECRIE, Springer, Berlin, 1933 (p. 207).

* C. P. Shillaber, PHOTOMICROGRAPHY IN THECRY AND PRAC-
TICE, John Wiley & Sons, Inc., New York, N. Y., 1944,
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The perfect lens has a resolving power limited by the diffraction
disc size, which is its circle of confusion and effective resolving “aper-
ture”. The light flux*® within the central disc area can be approxi-
mated by a cosine-square distribution (Figure 50) with the equivalent
diameter §,=22Af:. See (Part II). Because the limiting resolu-
tion is N,= 4.35 N§ the diffraction cutoff line number for monochro-
matic light in television lines per millimeter is

For f: > 1.5 N,=4.35 X 10%/8, = 1875/\ f:
and for f: <15 N,= (4100 X numerical aperture) /A
(67)
with A expressed in microns (1 micron = 0.001 millimeter).

The aperture response characteristic of a perfect lens is a complex
curve which can be approximated by the sum of two response charac-
teristics. The flux rings are approximated by a coaxial diffusion disc
8, =288, with a flux amplitude ://,.,/Q/:0.0IG and a flux distribution

1.0

FLUX RESPONSE FACTOR rAvY

X g .
\‘ s}, g b'-ﬁ,_a_zh""--é_g.%""--_'i 5 s

I "5 O R - — = S Rt~ TCHNE ST |
o 10 Y 20 160 200 240 280 320 360 400 440
TELLVISION LINES PER \ih1 (N /MM)

Fig. 51—Flux response characteristics of theoretically perfect lens
as function of f: number.

equal to that of the main “aperture” §, as shown in Figure 50. (See
complex apertures, Part IT). The theoretical aperture characteristics*
of the perfect lens for monochromatic and white light obtained by this
synthesis are shown in Figures 50 and 51, and Table V. The aperture
response for white light has been computed by superposition of three
coaxial monochromatic “apertures” with equal flux at \; = 0.45 1, A,
= 0.55 y1, and Az = 0.65 p. Figure 50 furnishes the relations N,/N8§ = 5.
For f: > 1.5, N, = 4100/f: (Television lines per millimeter). (68a)

For microscope objectives with f: < 1.5
Neiw) = 8400 X numerical aperture (68b)

* The resolving “aperture” should not be confused with the lens stop
“opening” which is normally designated as the lens aperture.
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Fig. 52—Photomicrographs of test-
pattern image (% millimeter)
taken at f.1.9 with white light.

a. On lens axis (N. == 1000)

b. 10 degrees off lens axis

Theoretical cutoff values N,
are obtained in the center of the
field with good small-diameter
lenses and with high-quality
lenses of large diameter at two
to three stops below maximum
opening. The theoretical aper-
ture response shown in Figure
51 is not attained with practical
lenses and especially not with
open large-diameter lenses be-
causes of distortions and phase
delays which occur in portions of
the light wavefront.

As a result, the effective re-
solving aperture diameters 3,
and particularly §, increase and
the “aperture” flux response rAy
remains low, (exhibiting a pro-
nounced “knee”) far below the
limit of resolving power which is
often maintained by the density
peak in the “aperture” flux. This
point may be illustrated first by
the photographic performance of
a well-corrected coated lens.

The photomicrographs, Fig-
ures 52, 53, and 54 show the

Fig. 53—Photomicrographs of test-
pattern image (% millimeter)
taken at f:4 with white light.

. On lens axis (N, =< 900)

h. 10 degrees off lens axis
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Fig. 54—Photomicrographs of test-
pattern image (% millimeter)
taken at f:8 with white light.

a. On lens axis (N.=x480)

b. 10 degrees off lens axis

relative excellence of an f:1.9
50-millimeter lens, as diffraction
cutoff is obtained up to f:4 for
axial points.# Larger stops show
less resolving power and contrast
due to spherical aberration and
flare. The degradation for angu-
lar rays is evident for f: < f:8.

These photographs were taken
with a microscope focussed nor-
mal to incident rays on the image
point. They do not show the ef-
fects of field curvature. The loss
of resolution caused by angular
rays and field curvature is illustrated by Figure 55, showing a test
object photographed on an Eastman Kodak high-resolution plate.**
The small test patterns in the center and the top right corner have
again a diameter of 1/2 millimeter on the plate, an angular separation
of approximately 19 degrees, and are shown highly magnified in Figures
56 and 57, respectively.

Because the eye and the photographic process have non-linear
transfer characteristics, it is difficult to estimate the aperture response
of the lens from optical images. A photometric trace of the light flux
variations in a square-wave test-pattern image can be obtained by
observing the image with high magnification through a television
system. This ‘“television microphotometer” transduces optical flux
variations into electrical current variations permitting accurate
measurement of the aperture response of lenses. A brief description
of the apparatus is given in a subsequent section.

# The pattern image is 0.5 millimeter in diameter; the numbers on the
pattern multiplied by ten give television lines per millimeter. The diffraction
cutoffs appear in the original photographs but have been lost in the
illustrations.

** Type 649 GH Spectroscopic plate.
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Fig. 55—Test object photographed on Eastman Kodak high-resolution plate
with f:1.9, 50-millimeter lens at f:4.

Because of the variety of parameters and factors which control the
performance of a lens, a number of curve families are required to de-
scribe its aperture response characteristics and to form an opinion
on the lens quality. The effect of chromatic aberration on the aperture
response is illustrated in Figure 58(a) and (b) on two similar high-
quality camera lenses of different design at one (optimum) lens stop.
The lenses are focused and measured with green light (Wratten filter
#58). The measurement is repeated with different light colors (white,
#47 blue, #26 red) without disturbing the focus adjustment. The
lens in Figure 58 (a) is not in focus for red light (zero point at N = 140
lines per millimeter) because of chromatic aberration. The chromatic
error increases with lens stcp diameter and causes a reduction of the
white-light aperture response as shown. Both characteristics indicate
a “diffusion” disc in the light flux distribution (“knee” in the curves).
The relative performance of the same lenses at different angles from
the optical axis is shown in Figure 59(a) and (b). The situation is
now reversed. The lens with better chromatic correction is not as well
in focus at the image plane at larger angles partly because of a larger
“field curvature”, but even when ‘“focused in” there is little difference
at 20 degrees between the two lenses. These errors increase normally
with larger stops. The curves show also the decrease of the collection
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Fig. 56—Enlargement of 14-milli- Fig. 57—FEnlargement of 1/2-1111111-‘
meter test-pattern circle in center meter test-pattern circle at corner
of plate (Figure 55) (N.==760). of plate (Flgure 55) at 0=19
egrees.
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Fig. 58—Flux response characteristic of miniature-camera lenses
illustrating chromatic aberration.
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Fig. 59—Flux response characteristic of miniature-camera lenses for angles
from 0 to 20 degrees off axis.
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Table V—Theoretical Aperture Response Factors of Lenses (Figure 50)

3 Monochrome Light White Light*
N/NS, : rAY rAY | N/NS. : rAY rAv

0.5 0.99 0.83 {05 0.99 0.815
0.75 0.97 0.74 075 0.965 0.725
1. 0.93 0.66 1.0 0.93 0.64
1.5 0.80 0.51 15 | 0.80 0.49
2. 0.615 0.39 | 2 0.625 0.36
2.5 0.42 0.27 25 | ous 0.26
3. 0.25 0.16 3 0.30 0.175
3.5 0.114 0.08 35 | 0.176 0.11
4. 0.035 0.022 4, 0.088 0.056
4.35 0. 0. 4.5 0.03 0.02

I 5 0. 0

* Composite response of A | 450 mu** 550 mp 650 mu
three coaxial spots. _
#= Millimicrons.

) | 082 1. 1.18
v 047 0.31 0.22
vl 1/3 /3 1/3

factor K with angle, because the response dces not increase to unity
at N=0. The curve families in Figure 60 illustrate the change of
aperture response as a function of the f number. The response increases
at first when the lens is stopped down (increase of f number) because
spherical and chromatic aberrations are decreased; for smaller stops
it decreases as may be expected from theoretical considerations. (See
Equation (68a) and Figure 51). A photograph of the aperture-response
changes as seen on the oscilloscope of the television microphotometer
is shown in Figure 61. This figure illustrates the progressive diffraction
cutofl from f/8 to f/11. It should be noted that the response at lower
line numbers (N = 100/millimeter) increases from f/2 to f/8.
Although most lenses have a much higher limiting resolution (N
than can be used with normal photographic film or a television channel,
their aperture response departs considerably from theoretical values
at low line numbers. For an image height V — 25 millimeters, which
is the approximate size in miniature cameras and the present image
orthicon (2P23 and 5655), the line number N = 500 represents 20 lines
per millimeter. The response factors at this line number for a number
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Fig. 60—Flux response characteristics of miniatur--camera lens as function
of f: number. (Compare Figures 52, 53, and 54).

of high-quality camera lenses are shown in Figures 62(a) and 62(b)
as a function of lens diameter (8/F) and f number. If a 10-degree
angle is selected as an average value, it can be seen that the response
Ay at 20 lines per millimeter (N =500 for V = 25 millimeters) aver-
ages Ay = 0.7 at small lens stops (f: >4) and decreases below this
value for “faster” lenses. For the purpose of computing the over-all
aperture response of the system, the line number N, ; at which rAy =
0.5 has been plotted as a function of f number in Figure 63(a) and (b).

GREEN
LIGHT

Fig. 61—O0Oscillo-
grams of aperture
response of f:1.9
miniature-camera
lens (0 = 0 degress)
taken with television
microphotometer
wuire  (Figures 71 and 72).
LIGHT

Y fﬂﬂ‘ﬂ*' ALY,

ERLERE % TR T L
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Fig. 62——Flux response characteristics of various high-quality
camera lenses at specified detail size.

An examination of various lens characteristics indicates that aber-
rations decrease, in general, with the focal length F of the lens although
not in proportion. A larger image size results, therefore, in a generally
higher response factor for a given f number and line number N in the
image dimension. Because the transfer efficiency of the television
camera lens is constant for a given lens diameter 8, an increase of
image dimensions corresponds to an increase in the f number of the
lens (f: =F/8) and a correspondingly rapid increase in the relative
response factor of the lens. As the largest lens diameters and collection
factors (See Equation (58)) are obtainable in lenses with a long focal
length the sensitivity of the television camcra increascs with image
size. The selection of practical image sizes is, therefore, governed by
factors such as weight, availability of lenses, the required mechanical
precisicn in tube and camera construction as well as certain electrical
operating requirements which are a function of size.

Lens Diameter and Aperture Response for Dcep Fields of Vicw
When imaging three-dimensional fields, the camera image can be
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Fig. 63—Line number reproduced with 50 per cent response by
various high-quality camera lenses.
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\lmﬁewsu Fig. 64 — Relations between lens

‘F{\l*“ g51  diameter, circle of confusion, and
i ZTe depth of field for finite distances
|__, “ | 4 : r el d: and d..

in focus at one distance only. The effective resolving “aperture”, there-
fore, is enlarged for planes at the front and rear limits of deep fields
to a “disc of confusion”. The relations between lens diameter, “depth
of field”, and disc of confusion are easily established by geometrical
optics from the ray diagram Figure 64.

The object plane O,, is assumed in sharp focus for an image plate
placed at P,. Points in all other planes between O, and O, are out of
focus and are imaged as discs of varying diameter but not exceeding
the diameter 8;— M §,. This diameter is obviously determined by the
out-of-focus distance and the lens stop diameter, and has a minimum
value in a given “depth of field” when the lens is focused to the mean

distance d=2d,d,/(d; +dy). (69)

The depth of field (d,— d;) is related to § and &, by
dy—d, = (d, +dy) §,/8. (70)

The theoretical disc of confusion (8,) is a round resolving “aper-
ture” with cosine-square flux distribution (See Part II). To maintain
an aperture response rAy — 0.71 within the field limits, its largest

diameter should not exceed the value 8, =V,/Ng. (71)

(V, = Vertical object field dimension)

By expressing the object depth by its ratio to the field height:
p=(dr—dy)/V, ’ (72)

and combining Equations 70, 71 and 72, the lens stop diameter required

for N8, = N,, is specified by 8., = (d; +du)/(pNy,) |
for the mean distance d=p(d,—dy)/p § (73)

A representative depth of field may be obtained from the consid-
eration that three-dimensional scenes or objects are frequently extend-
ing over a depth equal to their vertical dimension (i.e., p = 1). Table
VI has been computed with Equation (73) for equal depth and height
(p=1) of the “sharply” imaged field for a fixed distance d = 18" and
the sharpness limit N,, = 400. (Camera equipped with lens turret and
fixed position.) The lens stop diameter (8y,.) is practically constant
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Fig. 65— Relations between lens

diameter, cirele of confusion, and

depth of field for hyperfocal con-
ditions.

for all conditions. The lower section of the table lists focal length (F)
and f: number for this stop diameter for four different image plate
diagonals D; all give the same sharpness and, for a given viewing ratio
p, equal television signals. The optical transfer factor g, (Equation
(61)) is, therefore, a constant specified by the required sharpness in
depth and the viewing angle. This fact remains substantially unchanged
for variations of camera distance. When the rear distance limit (d.)
is moved to infinity, a depth of field from d, to infinity requires focusing

to the “hyperfocal” distance (See Figure 65) d = 2d,. (74a)
Obviously §, =38 and with (71) and (54) §,..—d/(pN,). (74b)
The above evaluation has assumed the hypothetical condition that

the lens can produce a mathematical point image. Actually, the image
is of finite size because of diffraction and aberrations. The disc of

Table VI Camera and Lens Constants

(for d =18, p =1, N5, — 400)

Viewing Ratio p 2.5 4. 8.

Mean distance ....... d 18 18 18  feet
Depth and height

of field ........... d:—di=71% 7.2 4.5 2.25 feet

dy 4+ d- 374 36.7 36.3 feet

Lens stop diameter

(Equation 73) .... o 1.12 1.1 1.09 inches
Optical transfer factor

(Equation 61) .... go= AY«/AB, 1/2400 1/6350  1/25800

(r—=0.9) Lumens/foot-
lambert
Viewing Ratio 2.5 | 4 8
. _

D V| M F M F ‘ M F
— —|

Inches Inches Inches l Inches
1.5 0.9 I 1/96 2.22 2. 1/60 3.54 3.2 | 1/30 6.95 6.4

, |

3. 1.8 1/48 44 3.9 | 1/30 6.95 6.3 | 1/15 13.5 12.4
6. 3.6 1/24 8.7 7.8 l 1/15 135 123 \ 1/75 254 233
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confusion is, therefore, somewhat larger in size and is decreased in
first approximation by the cascaded value of the in-focus resolving
aperture of the lens. A viewing ratio p = 4 for a 1.5-inch plate diagonal
(Table VI, 2nd column) is obtained, for example, with an f:3.2,
3.54-inch lens, which has an (in focus) aperture response of 50 per
cent at N == 20 lines per millimeter (See Figure 63(b)) corresponding
to N =500 for this image size. The disc of confusion (8,) selected
according to Equation (73) gives 71 per cent response at N§, = N,, =
400 and has a 50 per cent response at N = 1.75 Nd= 700 (See Part II,
Appendix Table II, page 285). The line number N;, for which

rAy= 0.5 at the field limits is obtained with Equation (80) Part II

No>=1//1/700% + 1/500* = 406.
It may be concluded, therefore, that the aperture response of the

optical system cannot be neglected in its effects on the television system
quality and especially not when the image size is small.

2. Photoclectric Transducers (Camera Tubes)

The construction and operating principles of television camera
tubes have been adequately described in the literature.* The following
treatment will be limited to an evaluation of their characteristics as
transducers of light into electrical signals.

a. Storage Capacitance and Transfer Characteristics

The quality of signals developed by photoelectric transducers such
as the iconoscope, orthicon, and image orthicon, depends, in principle,
on the total energy @ which can be stored and transduced into electrical
signals. The storage capacity of transducers is determined by the
electrical capacitance C and the maximum charge potential E, of the
storage surface as expressed by Equations (51) and (52). The
mechanism effecting the transfer of charges into television signal
currents, however, imroses limitations on the maximum energy value
and is, therefore, a controlling factor in the design of practical camera
tubes. To retain image definition it is essential that each incremental
area Ag of the storage surface (target) in the transducer be associated
with an individual storage capacitance AC. In iconoscopes and orthi-
cons, this association is accomplished by breakup of the photosensitive
image surface into a mosaic of minute silver islands. The “space”
capacitance of these elements is increased by addition of a parallel
grounded plate, termed “signal plate”. Dependent on its position, the
signal plate is a solid conductor (iconoscope), a conductor transparent
to light (orthicon), or a conductor transparent to electrons (collector
screen in image orthicons).

* See References (7), (8), (9), (11) in Part L
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Orthicons operate with saturated photoemission. Element potential
and charge increase in proportion to the image light flux (¢y), but are
limited by insufficient beam current or secondary emission to certain
maximum values. The transfer characteristic I = f(y,) is linear but
breaks off when E, is approximately 6 volts. Higher potentials cannot
be neutralized by low-velocity beams because of excessive generation
of secondary electrons.

In iconoscopes, the photoemission from elements takes place largely
without strong collecting fields and E, is limited by emission velocity
distribution and partial discharge by secondary and photoelectrens to
a maximum of approximately 2 volts. The function E, = f(¢,) and the
transfer characteristics follow a curve of diminishing returns as shown
by the characteristics in Figure 66. The gradual signal compression
is a desirable characteristic for well-lighted subjects of good contrast
and requires little electrical correction in the amplifier. High average
levels of light flux (See £ in Figure 66) cause an excess of photoelec-
trons which discharge small signal charges thereby reducing the signal
range.

The image orthicon combines characteristics of the iconoscope and
orthicon. Its saturated photoemission forms a photocurrent image
focused on a thin glass target having the properties of a storage
surface with incremental capacitances which are charged by secondary
electrons from bombardment of high-velocity photoelectruns, but which
can be discharged from the orposite side by a low-velceity scanning
beam as in the orthicon. An electrically transparent signal plate (fine
mesh screen) collects the secondaries from the image current. It per-
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Fig. 67 (q) — Dynamic transfer Fig. 67(b) — Dynamic transfer
characterls_tlcs of image orthicon characteristics of an image orthi-
as function of target potential. con at optimum target potential.

mits adjustment of the capacitance (by spacing) and limits the charge
potential maximum of the storage surface (target) according to the
applied potential, With the charge potential under control, the transfer
characteristic does not end abruptly and can be changed from a linear
function to one similar to that of an iconoscope.

Although a particular characteristic curve of signal-current output
as a function of light input shows a definite saturation value (See
published curve of Type 2P23), it is not necessarily describing the
transfer characteristic of the tube. This signal curve represents the
transfer characteristic only when the range of light values does not
exceed the “knee” of the curve. At higher light-flux values, the actual
dynamic transfer characteristic is determined by electron redistribu-
tion and becomes a function of image content and the peak-to-average
ratio of the light flux values. The effects of electron redistribution
on the useful contrast range are in some respects similar to “lens flare”
a8 shown by the transfer characteristics in Figure 67(b) which have
been measured on an experimental high-capacitance tube to be discussed
later.

It is logical to conclude that increases in the target capacitance C
of storage tubes will result in a larger range of the transfer charac-
teristics and in higher signal-to-fluctuation ratios |R!, provided the
stored charges can be transduced into signal currents. A camera tube
with low element capacitance is more suitable for low light operation
because it develops higher potentials with small photocurrents and low
values of light flux which are easier to transduce than low-potential
charges in a tube with large capacitance. The low-capacitance tube,
however, cannot store large charges because of the voltage limit
(E ,nax) and, thus, is limited to a lower image quality. High-capacitance
elements cannot be discharged as completely as low-capacitance ele-
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ments containing an equal charge. This condition is particularly true
for orthicons and image orthicons because of the velocity distribution
in elecfron beams. An incomplete discharge forces the element poten-
tial to build up in successive exposure periods until the scanning beam
is capable of removing the number of electrons emitted during one
exposure period. The consequence of this action is a delayed slow
appearance of under-exposed objects and their delayed disappearance
or “smearing” (following “ghosts”) in motion. The maximum useful
capacitance of storage-type tubes is limited by difficulties in generating
electron beams (especially of the low-velocity type) having a small
velocity distribution and sufficient current density to affect a substan-
tially complete discharge of low-potential elements. This restriction
limits the performance of present pickup tubes. Small storage surfaces
require a higher beam-current density for a given light flux than larger
surfaces. Larger tubes are thus capable of discharging higher capaci-
tances and attaining higher resolution and signal-to-fluctuation ratios.

The transfer characteristics of the iconoscope (Figure 66) and the
image orthicon (Figure 67) are plotted on semi-logarithmic coordinates
to permit a direct comparison with the primary transfer characteristic
of photographic film. The total signal current including “flare” or level
currents from these camera tubes is a measure of the stored and trans-
duced energy Q,. The corresponding stored energy in the photographic
process is the quantity of silver “specks” caused by photoelectric reac-
tions and “amplified” chemically in the development process into a
quantity of silver grains @,. This silver quantity is measured by the
“density” of the film to which it is directly proportional®*. Because the
density D is plotted to a linear scale in sensitometric curves of film, the
characteristics Figures 66 and 67 permit a direct comparison with
photographic film.* (Discussed in Part IV of this paper).

The dynamic transfer characteristics of high-capacitance image
orthicons depend on a number of parameters''. Two of these parameters,
beam current, and collector-mesh potential, ', are controllable. Others,

30 C. E. Kenneth Mees, THE THEORY OF THE PHOTOGRAPHIC
PRCCESS, The Macmillan Company, New York, N. Y., 1942,

* The film, however, is used as an attenuator in a second light trans-
ducing process (copying) in which the density effects light modulation by
absorption. As an arithmetic increase of density causes a geometric in-
crease of light absorption, the linear scale D is also a logarithmic scale
D —1/log transmission when both transducing processes are considered.
The two processes are invariably connected together and the log/log slope
of the film curves is defined as the gamma (Y) of the film. It is apparent
that the slope of the electrical transfer characteristies, i.e., their transfer
factor g is not a “gamma” and cannot be manipulated mathematically like
the gamma of film, because the relation between Q. and light output is de-
pendent on the entirely different transfer characteristics of separate trans-
ducers (amplifiers and kinescopes).

www.americanradiohistorv.com


www.americanradiohistory.com

522 RCA REVIEW

such as the secondary-emission ratios of target (glass) and collector-
mesh materials cannot be adjusted in a finished tube. The dynamic
characteristics of the image orthicon depend on these parameters as
illustrated qualitatively in Figure G7(a). The solid curves 1, 2, and
3, show the effect of varying the mesh potential £, which controls the
maximum charge potential of the storage capacitance (glass target).
The beam current is increased in proportion to L. When the current
is instflicient, the high-light region is compressed as indicated by
curve 3a. These character.stics are cbtained with “low key” lighting
as represented by a small photographic step tablet in a dark field in
which redistribution effects are small. When the field surrounding the
step tablet is light, the transfer characteristics remain unchanged as
long as the peak illumination E; remains below the “shoulder” of the
curves. When £, is increased and approaches the flat portion of the
shoulder, electron redistribution increases and modifies the low-light
range as indicated by the dotted “high key” characteristics for the
following reasons. Assume that the mean velocity of secondary elec-
trons emitted by interception of high-velocity photoelectrons on the
cclicetor-mesh wires is two volts. A ‘“white” background in the image
causcs a large number of such secondaries which can “land” on the
glass storage surface when its potential E, with respect to the mesh
is equal to or smaller than two volts. The secondaries from the mesh
discharge especially, therefore, the small charges in the low-light region
for E. < 2 volts and shorten the transferred light range by “black com-
pression”. At higher mesh potentials, E,>2 volts, this discharge
action decreases and, as shown by the dotted curve 3, may be over-
compensated by the effect of a *flare” light bias due to the optical
system. It is apparent that the secondary emission velocity determines,
in general, the optimum mesh bias E, for a particular tube. (There
are cther parameters which have been neglected).

The transfer characteristics, Figure 67(b) of an image orthicon
were obtained by measuring the signal from a small logarithmic step
tablet in both a dark field (curves 1) and a light field (curves 2). The
light field covers only a portion of the image area as indicated in
Figure 67(b). These two conditions are representative of extremes
in actual images. In this particuluar case both “black level” and “white
level” are raised considerably w.th increasing expcsure in “high key”
images, (curves 2), the addcd exposure contributing nothing to the
actual signal (Al) above E;= 0.4. Over-exposures cause the center of
black areas to “wash out” due to “electron flare”, their edges remain’ng
dark which, of course, is undesirable for good quality. Fer similar
reasons, higher exposures than £;= 0.8 for the case of dark (low key)
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images (See curves 1) must be considered as undesirable over-
exposures. Over-exposure (curves 2) requires an increase of beam
current to accommcdate the black-level current. Because of the low
modulation factor in present tubes, (See following section), the signal-
to-fluctuation ratio |R| at different signal levels in one image varies
substantially in proportion to the signal level (AI). It can be shown
that [R| decreases, therefore, at all levels by the square roct of the
black-level current.

Image orthicons of the 5655 type have storage capacitances, and
transfer characteristics similar to the experimental tube on which the
transfer characteristics, Figure 67(b) were taken. The light range
transduced by these camera tubes is in the order of 100 to 1 as in
normal photographic processes. (Discussed in Part IV),

b. Transfer Efficiency and Transfer Factors

The generation of video signals in storage-type camera tubes occurs
in two stages: the photoelectric conversion of image light into electrical
charges and the development of signal current from the charges. The
corresponding transfer equations have these forms:

Q. =9, ¢; T., (photoelectric process) (75)
and I=g,Q,/T, (signal development process) (76)

where the symbols have the following meanings:

Q, = stored electrical charge energy (coulombs)
¢ = image light flux (lumens)
T., = exposure time (seconds)
gy = 78S = photoelectric transfer factor
r = optical transmission factor of elements absorbing light
S = photosensitivity in microamperes per lumen
s = storage factor of camera tube
I = primary signal current (microamperes) before amplification
T; = frame period (seconds)
g, = transfer efficiency of the signal developing process (excluding

amplification).

For a continuous exposure (no shutter), the exrosure time equals
the frame time; T,. = T, and Equations (75) and (75) combine tc the

simple expression Ys=1/9, g, (lumen), D
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By substituting Equations (45) and (48) the image light flux is ex-
pressed in terms of the signal quality, (|R| and Af determining N.).

Vi) =272 |R|2 Af (1 + I,/T) X 10-3/(g; g-) (lumen). (78)

The factor (14 I;/I) is required, because signal development by a
beam current I, =1I; introduces additional current fluctuations. In
camera tubes with electron multiplication (orthicon and image orthicon
types), the reciprocal ratio I/I;=1/1, is the modulation factor of the
beam by the signal current I which seldom exceeds 25 per cent in
practical tubes. Because the beam current must remain constant and
have a value sufficient to discharge the maximum signal charge, the
factor (14 1,/1I) equals 5 for the high-light flux Q/i only. The flux
values ¢, r, computed by Equation (78) for a standard channel Af =
4.25 megacycles and various values |R|,,, have been plotted in Figure
68. These curves do not represent the change of |R| versus light flux
changes in a given image because I; is then a constant and |R| varies
as shown by the curve Q;/Q,=4 in Figure 43.

Approximate values for the transfer factors g, g, and contributing
factors (See Equation (76)) are listed in Table VII for several camera
tube types. Upper limits for |R|,.. computed from the capacitance of
the storage surfaces by Equation (52) are indicated by the length of
the solid line curves in Figure 68.

A certain percentage of charges may be lost for signal generation
because of unsaturated photoemission or a partial discharge by sec-
ondary electrons. Both effects are small in the orthicon types. (g.=1,
s =1) In iconoscopes, however, they decrease the effective storage (s)
to 60 per cent (approx.) at moderate light levels and to less than 20
per cent at high light levels. Because of incomplete collection of the
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Table VII—Transfer Factors (g, g-) of Camera Tubes

Avg.  Spectral Signal
Camera Tube  Approx. S Value Response Amplifica-
Type C-unf e/ lumen T Sy= A tion
= 1 Iconoscope‘ 10,000 7-10 1. 0.12% I | Normal ’ Amplifier
' ‘ Amplifier
| | " or
e 2 Orthicon | 750 |68 0509 L 5. || Normal = Multiplier
3a Image || [ | | High red
Orthicon ' | { and
2P23 250 20-30 | 1. | 1.5 | 85. | infrared | Multiplier
b 5655 | 750 H 5-10 1. | 1.5% | 10. Normal | Multiplier
4 Image ] ! '
Iconoscope I 5000 I 7-10 | 1. 0.2 X 5**| 8. Normal | Amplifier
| 1 ! | il "
“ Decreases above a “# Includes gain in image multiplication and
certain light flux. decreases above a certain light flux.

signal current, the transfer efficiency of iconoscopes is further reduced

. as indicated in Table VII.

Incomplete storage and partial cancellation of charges by redis-
tributed secondary electrons* occur also in image orthicons, especially
at high-light conditions. (See Figure 67) The effective storage of this
tube varies as a function of light and collector mesh potential from
near 100 per cent at low light levels and normal collector potentials to
20 per cent and less under high-light conditions and low collector
potentials as evident from the transfer characteristics shown in Figure
67. Representative photosensitivities (S) and utilization factors of
practical transducer types suitable for direct pickup in television
cameras are given in Table VII.

Signal amplification by amplifiers—In some camera tube types the
video signal is developed across a resistance in the signal plate lead
without the use of an electron multiplier. Because of the large number
of electrons required as a “carrier” current for small signals in ampli-
fier tubes, their modulation factor is extremely low and the signal-to-
fluctuation ratio is dominated by the constant amplifier fluctuation cur-
rent I, and requires, therefore, large signal energies for good quality.
The current I, is a function of tube and circuit conductances and may
be computed from the equivalent noise resistance of the amplifier
tube.’® For a minimum fluctuation current the input circuit capaci-
tance C; of the amplifier (camera tube plus amplifier grid circuit capaci-
tance) should be made the controlling factor of the circuit impedance.

* There are also other causes.
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The amplifier is compensated to give constant voltage output with
constant signal-current input and has, therefore, a gain proportional
to frequency over most of its range Af (See Part I). Assuming C, =25
micromicrofarads as the dominating input impedance, the amplifier
noise current in the type 6ACT amplifier tube is expressed by

1, =3.T(Af)?3 X 10-*° amperes. (79)

The character of the resuitant “peaked” ‘“noise” and its effect on
visibility have been discussed in Part I and must be considered when
comparing signal-to-fluctuation ratios of multipliers and amplifiers.
For visual equivalence of the “peaked” noise from this amplifier with
flat channel noise from multipliers, |R| is to be multiplied by the ratio K
of the fluctuation filter factors for the two types of noise

K = m,, (peaked)/m,, (flat) (80)

shown in Part I, Figure 11, as a function of Af. The signal current
in terms of equivalent flat-channel noise exceeds the fluctuaticn current
by the ratio |R| and is, therefore, given by:

I =3.7|R| K (Af)'5 X 10- amp. (81)

The required light flux is obtained with Equation (77) being reduced
slightly by the camera blanking ratios to

Vv (R) = 3.14 |R| K (Af)'* X 1073/ (g,9.). (82)

A comparison of camera tube performance and a table of the scene
brightness or luminance (B,) required for their operation will be given
in Part IV.

¢. The Aperture Response of Television Camera Tubes

Television camera tubes contain a number of elements in cascade
which may restrict the resolving power. In storage types, the scanning
beam and physical apertures in conductors (collector mesh in image
orthicons) are, in general, the principal limiting apertures. Secondary
aperture effects such as those caused by unstable focus of the electron
image or by graininess of photoelectric and storage surfaces can be
made negligible by proper design of tubes and equipment.

The over-all aperture response of the transducer is measured by
observing amplitude and wave shape of the electrical signal. The
optical signal source is a large (8 x 10-inch) square-wave test pattern
picked up by a high-quality lens, with known aperture response. The
electrical signal is observed on an oscilloscope with cross-section se-
lector (horizontal or vertical).
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Fig. 69—Flux response character-
istics of two camera-tube types.

it

[

TTTTTTTTTd
T

CuRvE
| ORTHICON,E XPERMENTAL
FACEPLATE = 4l INCHES
2 IMAGE ORTHICON. EXPERIMENTAL
| | FACEPLATE 2 4y INCHES
T i I MESH =500 PERINCH
FIELD = 70 GAUSS

SERREEEENE

R T

|11

The measurement in the hori-
zontal direction gives the com-
bined aperture response of trans- IS
duce.r and electrical channel. To - —r ﬁzl ‘t\§\ =_Jl_
obtain the aperture response of 0 %00 e nuvB ) 500
the transducer directly, the elec-
trical channel must be capable of reprcducing the signal waveforms
generated by the transducer. This requirement specifies a frequency
band exceeding by at least a factor of five the frequency (f8) or line
number (N8) at which the transducer response becomes sinuso’dal,
i.e., the point where its amplitude response begins to depart from unity.

[

H

.
I
qu/:i

FLUX RESPONSE FACTOR {ra¥ |

=

The aperture response rAy of two developmental storage trans-
ducers operating into a flat twenty-megacycle channel is shown in
Figure 69. Although representing peak performance of present con-
structions their response decreases to approximately 22 per cent at
500 lines. The aperture response of transducers can be corrected by
optical or electrical processes having a “negative” aperture character-
istic as discussed in Part IV of this paper.

8. A Television Microphotometer for Measuring the Aperture
Response of Lenses and Grain Structures.

Aperture response measurements require, in principle, a scanning
process. An arrangement for scanning an optical image and trans-
ducing light-flux variations into electrical current variations for
observation and measurement is a television system used as a pho-
tometer. Because of the relatively high resolving power of lenses, it
is expedient to magnify the optical image considerably by a microscope
before it is scanned in a television camera tube. With adequate optical
magnification of the image the resolving power of the television system
is removed as a limitation, and the response limit of the microphotom-
eter depends only on the resolving power of the microscope objective.

A photograph and block diagram of the principal parts of the
television microphotometer are shown in Figures 70 and 71.

A test pattern (2) (Figure 70) illuminated by a projection lamp
and condenser system (1) is imaged by the lens under test (3) with
a reduction equal to or greater than 20 to 1 to remain within the normal
correction range of the lens. With this reduction the optical input
signal from a good test pattern is sufficiently accurate at the lens cutoff

(No).

www.americanradiohistorv.com


www.americanradiohistory.com

528 RCA REVIEW

Fig. 70—Photograph of television microphotometer.

A small part of the image is observed with a television camera
through a microscope (4) giving high optical magnification (M =100
to 1000 as needed) and having a resolving power much higher than the
lens under test (A 4-millimeter Apochromat, N4 = 0.95. for use with-
out cover glass resolves N, = 8000 television lines per millimeter). The
magnified image is scanned in the television pickup transducer (5) and
translated into electrical aperture-response signals.

Amplitude response and wave form of these signals are observed
and measured on an oscillograph with line selector, the microscope
image being visible on the monitor kinescope for inspection and focus-
sing. (Figure 72). To avoid errors by non-linear transfer character-
istics of the camera tube or amplifying system, the amplitude of the
light flux wave is measured optically at the input to the television
camera. A fine light bar produced by a slit mask in a calibrating
projector, (6) in Figure 70, is superimposed on a dark “line” of the
test pattern image (See Figure 72), appearing as a pulse signal in
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Fig, 72— Oscillograms and kine-

scope image showing measurement

of flux response with television
microphotometer.
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the oscilloscope trace. The cali-
brating light intensity is in-
creased until the negative wave
peak is raised to the level of the
positive wave peaks. The differ-
ence AB introduced by the cali-
brating source is the peak-to-
peak brightness difference in the
flux wave which is thus measured
by reading the relative light out-
put of the calibrating source with

FULL AMPLITUDE

)

photocell and meter (See Figure

71). By the use of sharp green | r

filters in front of the cell and the ' { "" Ih
slit mask, the calibrating light " .

can be controlled by varying the
lamp current.

All measurements are made on the same line of sight along the opti-
cal axis of the system to avoid errors due to variations in light distri-
bution of the projector or the sensitivity of the camera tube. The line
number, hence, is changed by moving the test pattern slide to bring
different line sizes under the calibrating light slit which remains in a
fixed position.

The base plate carrying the lens and focussing adjustment is
equipped with a “flat field” indicator ((F) in Figure 70), a knife-edge
slider which can be moved in a guide set perpendicular to the lens
axis. The lens image is brought into focus coinciding with the knife
edge for axial rays. This lens setting with respect to the slider guide
is maintained throughout one measurement series. For angular meas-
urements the entire mount base is rotated and the slider, moved to
indicate the image plane at the selected angle, is brought into focus
by moving the mount base with respect to the microscope objective.
This operation requires several trials to line up calibration slit, slider,
and the image section under observation. It solves automatically for
the nodal point of the lens. The object-to-image distance is of course
increased by 1/cos § for the particular angle.

The aperture response of photographic film (test patterns) is meas-
ured in a similar manner by placing the film directly in front of the
microscope objective, The aperture effect of translucent grain struc-

[}
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tures has been measured by projecting a sharp optical image on the
grain structure which is placed in the focal plane of the microscope.

The number of bars in test-pattern line groups should be sufficient
to allow the flux wave to build up to a steady value (See Part 1I, Figure
14, page 248). It is, therefore, reccmmended to use at least four black
bars at line numbers between N§ and N,; two bars being sufficient
below N = N§. The line grougs should be separated by alternate black
and white spaces of sufficient length which serve to give “level” sig-
nals. (See Figures 61 and 72).

By definition, the aperture response factors are independent of the
absolute image contrast. The contrast reduction by microscope objec-
tives is, therefore, of no consequence. Measurements with test pat-
terns of low contrast (C = 1.5) have shown in some cases a slight in-
crease of rAy in the high-resolution section of the response curve in
comparison with high-contrast patterns (C = 1000). Positive and
negative patterns gave identical results. The reference calibration
rAy at N =0 and zero angle is obtained by measuring the white-to-
black signals between the shadow cast by the knife edge slider in the
image plane and the white background of the test pattern image. Lens
flare has normally little effect on the measurement and should be de-
termined separately. It should be mentioned that the color temperature
of the light source should be adjusted by filters to result in a reason-
ably uniform response from the camera tube for red, green, and blue
light of normal spectral energy to avoid misinterpretation of chromatic
aberration effects in “white”-light-response measurements.
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SOME APPLICATIONS OF
FREQUENCY-MODULATED RADAR¥*}

By

IRVING WOLFF AND D. G. C. LUCk

Research Department. RCA Laboratories Division,
Princeton, N. J.

NOTE: The previous papers in this series, entitled PRINCIPLES OF
FREQUENCY-MODULATED RADAR, and FREQUENCY-MODULATED
RADAR TECHNIQUES, were published in RCA REVIEW in March and
June 1948, The summaries of these papers are reprinted herewith for refer-
ence purposes,

PRINCIPLES OF FREQUENCY-MODULATED RADAR
(Reprinted from RCA REVIEW March, 1948)

Summary—The principles of operation of FM radar 8ystems are
developed for the determination of range and relative speed of reflecting
objects. Quantitative expressions are derived relating the radar output
frequency to the range and speed being measured and the transmitted-signal
characteristics. It is shown that range and speed may be independently
determined. In single-target systems, measurement of output frequency by
means of cycle counters has been frequently used. This leads to a type of
error which may appear in laboratory calibration of the equipment but
which i8 usually averaged out in field operation. Search operation against
more than one target requires either a multiplicity of selective range gates
or scanning in range with a single gate. The formner system leads to rather
complicated apparatus and the latter to unduly slow operation. For the same
average transmitted power, pulse and FM radar are capable of similar
maximum ranges; however, the simple FM system which scans in range
with a single gate uses time inefficiently and either requires longer lhan
the pulse system to obtain data or operates at reduced maximum range. In
general, operating with the same average power both FM and pulse systems
have their maximum ranges determined by the time allowed to obtain the
complete range data and their range resolution by the usable radio-frequency
band. FM radar avoids need of high peak power by using a narrow noise
band, and facilitates use of u wide radio-frequency band for high resolution,
but requires great care in protecting reception against its own trans-
mission. Techniques for automatic control on the basis of range and speed,
described in later papers, are very simple, but equipment yet devised for
search is either complex or slow in action.

* Decimal Classifization: R537 X R148.2.

T This paper covers work initiated in 1938 by RCA T aboratories Dvi-
sion and carried on since 1941 with the support of the U. S. Navy, under
Contracts NOs-87822, NXsa-25337, and NXsa-35042.
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FREQUENCY-MODULATED RADAR TECHNIQUES
(Reprinted from RCA REVIEW, June, 1948)

Summary—The FM radar development program has given rise to «
number of interesting techniques. Two superheterodyne systems have been
devised which remove the transmitted modulation from the received inter-
mediate-frequency signal. An electro-mechanical device using a vibrating
capacitor and an electronic device using « beam of electrons have proved
useful for frequency modulating radar oscillators. Scveral adaptations of
the well-known cycle-rate counter for utilization. of bheat frequencies as duta
have by their simplicity made FM radar very useful, where aictomatic
indication of or control by range and speed of « single target is needed.

* * *

There follows the concluding paper in this series—SOME APPLICA-
TICNS OF FREQUENCY-MODULATED RADAR.
The Manager, RCA Review

SOME APPLICATIONS OF FREQUENCY-MODULATED RADAR

Summary—Application of privciples and techniques already deseribed
has yielded light, compact FIM radar equipment for airborne use. Char-
acteristics of motion of aiveraft and bombs render FM radar data purticu-
larly suitable for providing automatic homh release from low altitutes.
Applications of FM radar have been made to aiveraft altimetry, automatic
flight control, automatic wmissile rclease, control of airveraft landing ap-
proach, and radar search.

I.  INTRODUCTION

based, and some useful techniques that have been developed in

the process of applying these principles, have been described
in the earlier papers of this series.!'? It is the purpose of the present
paper to describe the way in which these principles and techniques
have been integrated to produce complete radar systems that meet
specific operating requirements. Since each system is devised for
the purpose of fulfilling specific requirements, it can be described only
in relation to those requirements. System design is a matter of
detailed synthesis rather than of following broadly valid general rules.

THE principles on which the frequency-modulated radar art is

II. FuLLY DEVELOPED SYSTEMS

A. Altimeters. The major operational use of FM radar systems
has been as aircraft altimeters. A series of designs ending with that

11. Wolff and D. G. C. Luck, “Principles of Frequency-Modulated
Radar”, RCA Review, Vol. IX, No. 1, pp. 50-75, March, 1948.

2 1. Wolff and D. G. C. Luck, “Frequency-Modulated Radar Techniques”,
RCA Review, Vol. IX, No. 2, pp. 352-362, June, 1948.
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designated *AN/APN-1 found very wide use by all Allied forces
during the war, while a somewhat different type was developed and
used by the Germans. Use of 1':1(1;11' altimeters by civil transport
aircraft may become mandatory in the United States. Originally
developed as an aid to instrument landings on water and for control
of low-flying pilotless aircraft, the *AN 'APN-1 has also proved very
useful in maintaining safe clearance for release of parachute troops.

A single main unit, shown in front and top views in Figure 1,
contains at its left end an acorn-triode push-pull transmitter with
vibrating-capacitor modulator, with an acorn-diode balanced detector
in a separate shielded compartment next to the transmitter compart-
ment, a beat-note amplifier al the center rear, modulation source and
data-utilizing circuits at center front, and a dynamotor power supply
at the right end. The gain
of the beat-frequency am-
plifier rises at 6 decibels
per octave over the useful
frequency range, to com-
pensate variation of re-
ceived-signal level with al-

Fig. 1—Main unit of ra-
daraltimeter *fAN/APN-1.

titude, and falls off rapidly
at frequencies above the
operating range, to reduce
noise. Except for the indi-
cators and the antennas,
which are simple dipoles or
slots in the skin of the air-
craft, the unit shown is the whole of the *AN /APN-1 altimeter system.

The radar portion of the altimeter is organized according to the
simple block diagram of Figure 1 of Reference 2, but feeds two
separate data-utilizing systems. One of these is of the type shown in
Figure 7 of Reference 2, with a milliammeter, calibrated directly in
feet of altitude, connected in the follower cathode circuit. The counter-
diode return tap on the cathode resistor in this circuit is set to provide
a controlled degree of counter non-linearity. This opens out the lower
part of the indicator scale and permits altitude to be read very closely
at the instant of landing. The second or “‘altitude limit” data-utilizing
svstem employs a null counter of the type shown in Figure 8 of
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Reference 2, with the balancing voltage divider located in a separate
small unit and normally of a step type preset by hand to a chosen
altitude. Relays actuated by null-counter unbalance then permit visual
warning of departures from the preset altitude or, by means of a
small auxiliary unit feeding data to a standard automatic pilot, permit
an aireraft to be held automatically in level flight at the chosen radar
altitude. Another small auxiliary unit, which provides servo balancing
of the null-counter output, may alternatively be connected to the
altitude-limit circuits to feed altitude data automatically to fire-control
devices.

The separate indicator and manual altitude-limit-switch units, as
well as warning lights to show departure from preset altitude, ap-
pear in Figure 2; the desired non-linearity of indicator scale is clearly
evident. The main power switch and the switch selecting either a
0-400 or a 400-4000 foot range of operation are the only necessary
operating controls and are mounted directly on the indicator unit,
which in turn is normally mounted on the instrument panel of the

Fig. 2—Auxiliary units of altim-
eter.

aircraft; the manual altitude-limit switch for level flight, if used, is
a third and last operating control. Rather heavy indicator damping
is used to give an acceptable compromise between sluggishness and
jumpiness of indication.

Transmitted power is approximately 100 milliwatts, at an average
radio frequency of 440 megacycles, and the primary power consump-
tion is 3 amperes of direct current at 27 volts. Modulation frequency
is 120 cycles and modulation sweep 39 megacycles, giving a radar
range sensitivity k, of 19 cycles per foot and a radar beat frequency
of 8000 cycles at maximum altitude. Shifting to the high range in-
volves primarily the reduction of modulation sweep by a factor of
ten. The altimeter measures the length of its own antenna cables in
addition to the true altitude of the antennas. This avoids excessively
low beat frequencies, even at land.ng, but requires the application of
suitable bias to the indicator-counter load and to the limit-counter
balancing potentiometer. These biases must be suitably set in each
particular type of aircraft to give correct zero readings.
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Absolute accuracy at landing is very high, but errors of a few
per cent may be present at higher altitudes. Over very poorly con-
ducting land, indicated altitude will occasionally be low on the high
range because of inadequate signal reflection from the ground. Over
water, however, a full-scale indication of 4000 feet is sustained up
to altitudes exceeding 8000 feet. Automatic control of level flight at
a preset altitude is smocth and accurate, the aircraft flying to follow
terrain contour at constant clearance. The FM altimeter appears to
be cne radar system that was developed during the war to a point
which will permit it to remain widely useful in peace.

B. Low-Altitude Bombing. Neglecting air resistance, a bomb re-
leased from an aircraft traveling in a straight line at constant speed
will remain directly beneath that aircraft throughout its fall; the
aircraft will then be directly over the point of impact of the bomb when
the latter strikes. Release of the bomb must occur prior to the in-
stant of passage of the aircraft over the desired target by just the
time interval taken by the bomb to fall, if the bomb is to hit the target.

Time T, taken by a bomb to £211 from altitude A under the normal
acceleration of gravity g is V2A4/g, neglecting air resistance, If
there is a radar target at flight altitude and directly over a bombing
target on the ground, the time T required for an aircraft at range R
to reach the radar target which it is approa-ting at constant speed S

is R/S. A bomb released at the instant when V%g/A R—S=0 (1)

will therefore strike the bombing target.
FM radar with switched counters gives, as described in References

1 and 2, an output voltage e =1l h,R—IkhsS + e, (2)

This is evidently the type of data needed for automatic bomb release
in the above simple case. It is only necessary, for this use, to adjust the

radar and counter sensitivities so that kghg/kh, = V24/g9, (3)

and to provide a release relay that will operate when total counter-
output voltage e reaches bias voltage e, as output decreases with
decreasing range during approach.

Actually, there is no radar target conveniently set up over each
bombing target. An aircraft at point P of Figure 3 measures by
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radar its slant range R and slant speed S relative directly to the
bomb target on the ground at @, rather than the ground range G and
horizontal speed H. The time required to reach a point above @ from
P is G/H and not R’'S. The exact slant range K at which a bomb
should be released to strike @ does not vary linearly with slant speed
S. For sufficiently low altitudes and a practically useful range of
speeds, however, the exact relation between R and S for release turns
out to be extremely well approximated by the modified linear relation

R/T"—S+S8,=0. (4)

Both the correction factor 7T’/T; which is close to unity, and the
added term S,, which is fairly small, depend only on altitude.

Comparison of Equations (2) and (4) shows that FM radar is
capable of giving highly accurate automatic control of release in
actual low-altitude bombing as well as in the idealized case first de-
scribed. Release must be arranged to occur at a total counter-output
voltage e, preset to exceed bias e, by a small amount dependent on
altitude and corresponding to the required correction intercept S,.
A correction must also be made to e, or e, for length of radio-fre-
quency cables, which is measured by the radar in addition to target
range; this correction also depends only on altitude, for any given
cable length. If it is desired that the first bomb of a train release
shall fall short of the target, correction for such “range lead” is in-
cluded with that for cable length. In addition to the geometric factor
T’/T;, a further correction is required to time of fall, to allow for
the time lag due to counter-output smoothing, relay action, and bomb-
release mechanism; this lag is fixed for a given system, and alters
slightly the relation to be set up between altitude and range/speed
sensitivity ratio. In low-altitude bombing at moderate speeds, neglect
of the effects of air resistance on motion of the bomb is quite per-
missible.

Figure 4 (page 538) shows a complete FM radar syscem for auto-
matic low-altitude bombing. This system, designated AN/APG-4 and
commonly called the “Sniffer”, requires only that the bombing craft be
flown level at a chosen altitude and headed so as to pass directly over
the target, but use of such auxiliaries as the *AN/APN-1 altimeter
and a search radar is necessary, when the target cannot be seen, to
provide data for maintaining such flight. Given a correct flight path,
the Sniffer itself releases the bomb at the correct instant to insure a
hit, with no further attention than the throwing of an arming switch
at the beginning of the bombing run.
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Like the altimeter, the AN/APG-4 system is self-contained, except
for antennas and a small control unit, in a single main unit, which
looks very much like the main altimeter unit of Figure 1 both in-
ternally and externally. Antennas are, as shown, Yagi end-fire arrays,
mounted pointing forward in well-separated positions on the aircraft
wings. The Sniffer system is organized according to the block dia-
gram of Figure 5 (page 539), and a complete circuit diagram showing
functional groupings of components is given in Figure 6 (pp. 538-539),
The circuits of the radar portions of the Sniffer, which occupy the left
half of Figure 6, differ from those of corresponding portions of the
altimeter only in details of the modulation source and audio amplifier.

Several special features of the circuit of Figure 6 may be noted.
A mechanical switch actuated by a cam on the shaft of the plate-supply
dynamotor develops a square wave from the regulated plate-voltage
supply. This square wave is shaped by integrating and differentiat-
ing circuits and used to drive the vibrating-capacitor frequency modu-
lator, to produce a symmetrical-sawtooth variation of transmitted
frequency. Automatic gain control depending on beat-signal level is
applied to an amplifier stage with selective feedback, cutting down
gain at high beat frequencies to reduce noise and distant-target sig-
nals when the desired signal is strong, but not markedly affecting
low-frequency response to the nearby desired target. The amplifier
gain increases vrapidly with increasing frequency in the working
range, to reduce dependence of signal strength on target range, and
falls off rapidly above the normal operating region. A two-stage
limiter with interstage coupling emphasizing low frequencies is used
to minimize disturbance by high-frequency random noise passed by
the high-peaked amplifier. The switched counter is like that of Fig-
ure 9 of Reference 2, but switching signal from the square-wave
modulation source is applied through resistance-capacitance couplings
and a phase-inverting tube is required. False release of bombs, in
the absence of desired signal, by such low-frequency noise as may
result from detector unbalance or short-range reflections from the
sea surface, is prevented by a circuit using automatic-gain-control
voltage to disable the negative counter completely, and so to main-
tain counter output permanently above the release level, unless ade-
quate signal is present.

The small control unit of Figure 7, with circuit shown at the lower
right of Figure 6, is an altitude-compensation switch which sets up
the Sniffer to produce release under the conditions required by Equa-
tion (4). Radar speed sensitivity kg and counter range and speed
sensitivities hp and kg are fixed, while a step-type voltage divider in
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Fig. 6—Circuit diagram of automatic bombing radar.
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Fig. 7—Accessory to compensate
bomb release for altitude.

the compensation unit sets am-
plitude of the square-wave modu-
lation voltage, and thereby radar
range sensitivity kp, in accord-
ance with the required value of
T’. A step rheostat controls the
difference ¢, —e, between re-
lease-relay threshold and coun-
ter-bias voltages, in accordance
with the required value of S, while another step divider provides
an additional altitude-compensated bias component to produce a
“range lead” of the bomb impact relative to the target. These three
step controls are ganged, together with the main power switch for
the system, for manual setting by a single knob visible in Figure
7 and working against a scale of fixed altitudes from which bombing
may be done. Magnitude of the range lead used may be set at will,
between zero and 100 feet, by a separate manual potentiometer. This
small compensation unit, together with a switch to arm the bomb-
release circuits, is all that the pilot or other bombardier need see of
the Sniffer system.

The requirement of level flight at one of a few predetermined alti-
tudes limits the pilot’s freedom. An alternative unit to that of Figure
7, of similar size and appearance, was therefore developed to provide
automatic compensation for release from level flight at any altitude
from 40 to 400 feet. This unit, connected to the limit circuits of the
altimeter as well as to the Sniffer, includes a servo motor to set a
shaft position in accordance with actual altitude. The servo shaft
automatically adjusts smooth modulation-sweep and release-bias con-
trols, corresponding to the step-type controls of the manual unit, and
provision is again made for setting a range lead in manually. With
this compensation unit, the pilot need only fly level at any preferred
altitude within the operating limits to obtain automatic bomb release
at the correct point for a hit.

AN/APG-4 equipment operates at a radio frequency of 410 mega-
cycles, with a power of 200 milliwatts and 110-cycle frequency modu-
lation, using total modulation swings up to 5 megacycles. The total
installed weight, including antennas and shock mount but less cables,
is 37 pounds; the power required is 2% amperes of direct current at
27 volts. In extensive flight tests with practice bombs, automatic
compensation of release for speed and altitude was found to occur as
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expected, and many strikingly accurate hits were observed; no ade-
quate run of data under fixed conditions was taken to permit really
definite statistical evaluation, however. In limited operational use
of the Sniffer against submarines and shipping, a few successful
results are believed to have been obtained.

Similar equipment operating at 1500 megacycles and bearing the
designation AN 'APG-17 was also developed and a production design
made, but was never put into full production because of changing mili-
tary requirements. This system comprises two main units, a trans-

4 AOWiRKL rane PHOTE 4 'J;'."?'.'r ADMiRAL EokR PHaYS
Fig. 8 —Radio-frequency unit of Fig. 9—Computer-power unit for
1500-Megacycle FM radar bombing with 1500-megacycle ra-
AN/APG-17. dar AN/APG-17.

mitter-receiver unit and a computer-power unit, which are shown in
Figures 8 and 9 respectively. Dipole antenna arrays in parabolic-
cylinder reflectors, for mounting in the leading edge of the aircraft
wing, are used. Power generated is 2 watts, but increased transmis-
gsion-line losses and reduced antenna area at the higher frequency
reduce the effective power to the same order as in the AN/APG-4.

A side-band superheterodyne receiver, organized according to
Figure 2 of Reference 2, is used in the AN/APG-1T and leads to the
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circuit shown in
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Fig. 11—Side-band filter unit of

AN/APG-1T. o

i1,

filter passing 1380 = 10 mega- q}E’

cycles and rejecting 1500 mega- .."!"l‘

cycles, a tuned crystal first Bt o

detector, and a 1500-megacycle i ..

receiver-input circuit. The 120- e ;

megacycle local oscillator ampli- "lfr 3‘ _H T“}

tude modulates the frequency- e

modulated transmitter output e I‘ljrlﬂ.

in the mixer crystal, and the BE "

120-megacycle received inter- ; Eo.

mediate-frequency signal, with
transmitter frequency mod- B !
ulation removed but radar fre- 2 g ‘ .
quency shift preserved, is taken ’“‘ga% g ?i"““
from the first-detector crystal. AR e T e e

The circuits of the computer-power unit are substantially the same
as those of the cdrresponding portions of the AN/APG-4, shown in
the right half of Figure 6, except for inclusion of a warning accessory
to be described later. A servo altitude-compensation element is built
into the computer-power unit directly, and may be seen at the center
front of the interior view in Figure 9. Performance of AN/APG-17
in flight tests was very similar to that of AN/APG-4, except for the
advantage obtained by elimination of the need for critical detector
balancing.

C. Adaptations of Bombing Equipment. Dependence of the Sniffer
on data from some other source, for lateral guidance in the bombing
run, is undesirable. Development of a single equipment capable of
steering the bombing aircraft as well as of automatically releasing
bombs was therefore carried through the stage of successful flight
operation. This equipment, designated AN/APG-6 and often called
the “Super Sniffer”, was not put into production, however. It is built
in a single main unit, like the Sniffer though somewhat larger, and
operates at the same radio frequency as the Sniffer, but with a power
of 2 watts. The radar portion proper differs from the AN/APG-4 in
using a side-band superheterodyne receiver, while the bombing circuits
are substantially similar except for addition of an anti-fadng ac-
cessory.

Azimuth information is obtained in the AN/APG-6 by the well-
known expedient of transmitting alternately through two differently
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oriented directional antennas, while receiving continuously through a
single antenna. Selection of antennas is accomplished by a motor-
driven mechanical switch synchronous with the modulation-generating
switch but running at half speed, so that one full cycle of frequency
modulation is transmitted over each antenna in turn. The effect is to
produce a square-wave amplitude modulation of the radar-beat signals
whenever the target is off the center line of the pair of transmitting
antennas, the phase of this modulation indicating on which side of
center the target lies.

Utilization of the azimuth data, appearing as amplitude modulation
of the radar-beat signal which in this respect acts only as a low-
frequency carrier, is obtained by first applying the beat signal to a
grid-leak detector. The square-wave detector output is then fed to a
transfer-capacitor arrangement, similar to the cycle-rate counters
already described but using in place of the two diodes a mechanical
switch driven in synchronism with the antenna switching, This pro-
vides, with very little equipment and good sensitivity, a steady voltage
output proportional to the angular departure of the target from the
center line of the antennas, with polarity determined by the direction of
departure. Relays are easily operated in accordance with this data
voltage to provide lateral guidance in flight,

Operation of the azimuth-determining circuits depends upon pres-
ence of the normal radar-beat signal to act as carrier for the antenna-
switching modulation. Lateral guidance is needed at ranges consider-
bly greater than that for bomb release, however, and provision of a
wide-band beat-frequency amplifier to accept the longer-range signals
would result in poor signal noise ratio. A circuit to provide automatic
compression of the frequency-modulation sweep, and thereby of beat
frequency for any given range, whenever the signal out of the beat-note
amplifier is weak, is therefore a necessary part of the Super Sniffer.
To insure accurate bomb release, this compressor, which uses the plate
resistance of a tube as a shunt in the modulator-driving cricuits, must
go out of action completely (by cut off) when signal strength reaches
normal levels. Another necessary modification of the basic Sniffer
circuits consists of momentary “blanking” of both bombing-circuit
counters during the signal transients produced by antenna switching;
since the counters are electronically switched anyway, such blanking
requires only some modification of the switching wave.

Keeping the aircraft pointed directly at the target, which can be
done with simple data derived as above, does not produce bomb hits in
a cross wind or upon a crosswise-moving target. It is necessary instead
to determine and steer an interception heading which will, if held
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without change, bring the aircraft directly over the target. To accom-
plish this, as well as to separate yaw of the aircraft from true cross-
wise relative motion of aircraft and target, requires availability of a
steady reference direction such as can be provided by a gyroscope. The
= complete installation required for bombing is therefore that shown in
Figure 12. Antennas are kept trained on the target by a servo motor,
yaw being rapidly corrected under control of the gyro stabilizer and
Z crosswise motion being slowly tracked under control of the AN/APG-6
azimuth circuits. Steering information is provided by a pilot-director
indicator (PDI), also controlled by the AN/APG-6 and the stabilizer
but in such a way that if the indicator is kept centered the aircraft
will in time take up a heading that “leads’” the crosswise target motion
by the right amount for a hit. The pilot, human or automatic, has only
to fly so that the indicated radar altitude is constant and the PDI re-
mains centered.
Flight tests of the Super Sniffer have shown it to be able consist-
ently to pick up a small vessel about three miles away and to bring the
aircraft directly over it, even in the presence of cross wind and target
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AN/APG-8 (XN}

ANTENNA SERVO

STABILIZER
MX 247/APG (XN)
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Fig. 12—Complete bombing system AN/APG-6 with azimuth determination.
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motion. That this is considerably in excess of ranges obtained with
the Sniffer, both at 410 and 1500 megacycles, is of considerable inter-
est. Since the sea-returned, feed-through and detector-unbalance sig-
nals that normally appear to limit Sniffer operation increase with
increasing power just as fast as does the desired target signal, it
would seem that increased power should not increase useful range.
Elimination of detector unbalance by the superheterodyne receiver and
the especial care in reducing feed-through that is necessary to get
clean working at higher power undoubtedly are the main reasons for
the gcod performance of the AN/APG-6. It further appears, however,
that the comfortable margin of working signal provided by the higher
power makes operation satisfactory under a widened range of condi-
tions. .

Adaptation of the bombing equipment to a wider range of fire-
control problems has also proved successful. Automatic firing of air-
berne rockets at invisible targets is desirable and the conditions
making the target invisible are also likely to restrict the aircraft to
a level firing flight. Study of rocket-ballistic data shows that correct
firing range from level flight, while affected by many variables, varies
with speed in a way that may again be well approximated, for any
single combination of type of rocket and type of aircraft, by a straight-
line relation. Variation with altitude of the slope of this approximat-
ing line fortunately proves to be strongly similar for a number of
types of rockets and aircraft; the intercept S, of the line need not be
varied with altitude. Propellant temperature has a considerable effect
on kehavior of rockets, but fortunately this can be adequately allowed
for by adding to the normal firing range a ballistic correction that
depends on temperature, type of rocket, and type of aircraft, but not
cn speed or altitude at firing. A very simple table for this correction
may be carried in the firing aircraft.

The requirements for automatic level-flight rocket firing are evi-
dently very similar to those for low-altitude bombing. Radar require-
ments change only in that longer ranges are used, so the versatile
transmitter-receiver unit of the AN/APG-17 can be used without
change other than revision of the frequency characteristic of its beat-
rote amplifier. Alterations required in the computing or data-utilizing
unit are extensive but straightforward. To make best use of the pass
band of the beat-note amplifier, adjustment of speed-counter sensitivity
is necessary, so range and speed counters are separated. Graduated
manual centrols are provided for radar range-sensitivity scale factor,
speed-counter sensitivity, reference level of the servo altitude compen-
sator, and counter bias voltage. These four controls are not operating
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controls, but are preset on the ground to values tabulated for the par-
ticular type of missile and aircraft in use. Automatic altitude compen-
sation of sweep width (radar range sensitivity), but not of counter
bias, is again required.

Prototype equipment, mcdified from the AN/APG-17 in the above
way and designated AN/APG-17TA, was undergoing flight test when
the war ended. The four set-up controls are provided in duplicate, so
that adjustments for two distinet missiles, such as rockets of one type
and bombs, can be made before flight and either missile can be selected
fcr use by throwing a single switch while in flight. A large number
of firings of one rocket type indicated that the dispersion of automatic
level-flight firing controlled by the AN/APG-1TA does not markedly
exceed the ballistic dispersion of the rockets themselves.

While the automatic fire-control devices described make the task of
flying a bombing approach quite simple, they also leave the pilot quite
in the dark as to the progress of his attack. An accessory was there-
fore developed to warn the pilot that release will soon occur; its mode
of operation is quite simple. Modulation sweep and counter bias are
sct up to operate the release relay prior to the proper moment for bomb
release by the desired warning interval. But the release relay is not
at first connected to the bombing circuits and the premature “release,”
when it occurs, is arranged only to light a warning signal and to re-
adjust sweep and bias to the correct values for actual release. After
the resulting transients have died out, the release relay is automati-
cally connected to the actual bombing circuits and the actual release
takes place normally at the proper instant. This adaptation, requiring
only the add.tion of two relays, is built into the AN/APG-17. It has
been found to work well so long as the target is adequate to give a
gocd signal at the warning range.

In order to operate accurately, the sweep-width and bias scales of
any of these fire-control systems must be calibrated under conditions
simulating actual use. A distant target is most directly and simply
simulated by connecting transmitter output to receiver input through
an attenuating circuit which introduces an accurately known time
delay; the range of the simulated target is determined by the time
delay used. Relative motion of radar and target, with resulting Doppler
shift of frequency, is simulated by a motor-driven continuous phase
shifter introduced into the delay path. These methods have been quite
successful, but excessive weight and attenuation of circuits giving
relatively long delays have made it worth while to develop also less
direct methods, which simulate range by producing an artificial beat-
note signal with frequency determined by the actual condition of modu-
lation of the radar transmitter being tested.
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D. Speed Measurement. The transmitter-receiver unit of the
AN/APG-17 has been used in a system for measuring the speed of
approaching aircraft. This is only an FM radar system by courtesy,
since it is derived from normal FM radar equipment by careful mini-
mization of frequency modulation. Designated AN,/SPN-2, this equip-
ment is used in conjunction with precision pulse radar to aid in con-
trol of landing approaches to aircraft carriers under conditions of
poor visibility. True air speed of the aircraft is required, but the
Doppler radar gives only relative speed of aireraft and carrier, so
carrier air speed or “wind over carrier” must be combined with the

Fig. 13—Indicator unit of

speed-measuring system

AN/SPN-2.

radar data to give the de-
sired indication. Modula-
tion of the reflected signal
both in amplitude and fre-
quency by the spinning air-
craft propeller is a serious
difficulty, and special meas-
ures are required to pre-
vent degradation of accu-
racy by it.

Modification of the
transmitter - receiver unit
for speed-only use involves
primarily replacement of
the vibrating - capacitor
modulator by a fixed ca-
pacitor, but the beat-note amplifier characteristic is also modified
to meet the specified conditions of operation. Dipole antennas in
large parabolic reflectors are used. The computer-power unit of the
AN/APG-17 is also retained, unchanged in appearance from Figure 9,
but its circuits are completely altered. Only a simple null-type un-
switched counter, as in Figure 8 of Reference 2, remains; this is servo
balanced, and the servo operates slowly to tune a feedback-amplifier
filter to the average frequency counted. This filter is the means used
to minimize damage by propeller modulation, and the filtered signal is
the useful output of the computer-power unit. A relay actuated by
signal level is also provided, to disable the system and prevent false
indication unless adequate signal from a target is present.

Figure 13 shows the separate indicator and control unit of the
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AN/SPN-2 equipment, which is mounted with the pulse radar portions
of the complete system for carrier control of approach (CCA). This
unit contains a servo-balanced null counter fed with the filtered beat
signal from the computer unit. The servo output is combined mechani-
cally with manually set data on wind over carrier, to give dial indica-
tion of air speed of the target aircraft. Cams on the output shaft
actuate switches to give visual indication of whether air speed is less
than, equal to, or greater than a chosen and manually preset value.
Provision is made for remote indications, and for optional manual
tuning of the filter in the computer unit to the chosen speed.

Field tests ashore and afloat have shown operation of this equip-
ment to be very satisfactory, the indications being stable in spite of
propeller modulation. Frequent disagreement with air speeds indi-
cated in aircraft has been shown by timed flight over measured dis-
tances to be caused by errors in the usual differential-manometer air-
speed indicators, the radar speed indications being always accurate.

111, IKXPERIMENTAL SYSTEMS

A. Higher Frequeney Operation. An experimental single-target
system, working at 1000 megacycles with 20 watts output and relatively
high antenna directivity, has been built and tested as a radar data
source, but without specialized utilization of the data produced. As
in the case of the AN/APG-6, increased power has been found to give
improved operation at relatively long ranges, when the technical prob-
lems resulting from the higher power are solved.

This experimental system uses a magnetron as a continuous-wave
transmitting oscillator, with magnetron plate current electronically
regulated. Frequency modulation is accomplished by the simple but
not highly linear process of varying the operating point of the current
regulator. The receiver used is a signal-following superhetrodyne, ar-
ranged according to Figure 3 of Reference 2. The local oscillator is
a4 reflex klystron, modulated to follow the transmitted signal by auto-
matic control of its repeller voltage.

Because of the relatively high power used, especial care has been
required to minimize the disturbing effect of feed-through signal reach-
ing the receiving antenna from the transmitting antenna without
travelling to a distant target. Beside reducing this feed-through signal
as far as possible by careful decoupling of antennas, it has proved
highly advantageous to reduce the damage it can do. This is accom-
plished by adjusting the internal mixing-signal path in the equipment
to produce exactly the same time delay as does the external feed-
through path. No disturbing beat signal then appears as a result of
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mixing these two frequency-modulated signals at the final detector.
In the signal-following superheterodyne, the conditions for path equal-
ity require that the reference-channel and signal-channel intermediate-
frequency amplifiers have matched phase characteristics.

B. Bombing from Vertical Maneuvers. Accurate bombing with the
Sniffer equipments described in Secticn II. B above requires that verti-
cal motion of the aircraft be carefully avoided when the bomb is
released. There are distinct advantages, however, in being able to
bomb from an aircraft maneuvering freely in the vertical plane.

Examination of the free motion of bombs shows that the linear
approximation of Equation (4), between slant range and slant speed
at release, remains very good even in the presence of a considerable
vertical speed component at release. The main effect of vertical velocity
is to alter the time of fall of the bomb. This means that Sniffer equip-
ment can be used for dive and toss bombing, but the range/spezd
sensitivity ratio 7” and the intercept bias S, must then be adjusted as
functions both of altitude and of vertical speed, rather than of altitude
alone.

%:fi‘ anr
SLANT CIMITER
RANGING f»—f  AND
LINEAR
F-M RADAR COUNTER

TRANS ANT
ITCH
R SLRVO FoLLOwW DIFFEREN. SERVO Co:TRQL oF
==jmMoToRr[=7 up FEeroLiow UPFTEIMOTORITIN (00 piLoT

Fig. 14—Radar system to establish glide path.
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Construction of a two-variable release compensator, using a three-
dimensional cam surface to produce the required function 77 of the
two variables, altitude and vertical speed, proved practicable. Develop-
ment of vertical-speed data from the radar altimeter also appears to be
feasible. An experimental compensator was actually built, and an
AN/APG-17 equipment mcdified for use with it, but the work had
not reached the flight-test stage at the end of the war. Successful auto-
matic bombing in maneuvers would probably have been accomplished
if the work had reached the point of overcoming expected operating
difficulties caused by loss of radar signal in maneuvers.

C. Glide Path. FM radar is well suited to solve the problem of
bringing an aircraft down a predetermined inclined path, so long as
the underlying earth surface is flat and an isolated target ahead is
available. An arrangement for doing this is shown in block form in
Figure 14. One radar automatically positions a shaft in accordance
with slant range to the forward target. This shaft sets up the “altitude

www.americanradiohistorv.com


www.americanradiohistory.com

FM RADAR APPLICATIONS 551

limit” system of the radar altimeter, so that the automatic pilot always
flies the aircraft at an altitude varying in accordance with forward
target range. If the follow-up devices have linear characteristics, the
aircraft will follow a straight inclined path (constant ratio of altitude
to range). This system was never flight tested, but experience with
all its components leaves little doubt that it would work well.

D. Time Tracking. Tracking a target as it moves in range is a
common step in the use of radar. Direct speed data such as is avail-
able from FM radar is helpful in this process, making it relatively easy
to keep the motion of the tracking device in step with that of the
target. This is a well known and straightforward application and
requires no further comment. Tracking in range requires some sort
of variable-speed drive, and such devices are seldom entirely satis-
factory. FM radar data, however, lends itself well to a novel sort of
target tracking, which does not require any variable-speed drive and
may prove useful in a number of special problems.

[ ) FMRADAR T !"'_'_l

. RADAR SWITCHED MOTOR
REC.ANT, RECEIVER COUNTER CONTROL

MODULATION
SOURCE

1
RADAR
TRANS. TRANSMITTER
ANT FREQUENCY WAVE
MODULATOR SHAPER
TIME TRACKER l

l__

Fig. 15—System for tracking target on time basis.

Assume that at some instant it can be determined that a target will
be reached in just 10 seconds. After 6 seconds then elapse, it is known
that the target will be reached in just 4 seconds, no matter whether it
is being approached at a high speed or a low speed. That is, an ordi-
nary clock suffices to track the approach to a target in time, if only
it can be set at some one instant to read correctly the time that must
elapse until the target is reached. It was pointed out earlier that if a
target at range R is directly approached at constant speed S, it will be
reached after the lapse of a time T which is R/S. It was also pointed
out that by setting the speed/range sensitivity ratio of an FM radar to
equal this time T, the total output voltage e from the counters (see
Equation (2)) will be made to equal the counter-bias voltage e,. The
FM radar data can therefore determine a correct clock setting.

Figure 15 shows the very simple basic organization of a time
tracker. The clock, beside driving an output shaft, adjusts the modula-
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tion sweep width of the radar in inverse proportion to 7, while depart-
ure of counter output from e, controls a servo motor that works
through differential gearing to set the clock output to the correct value
of time to reach target.

A simple tracker of the above type was built and flight tested. The
time-to-target scale of the test unit is 12.5 seconds long. Within the
limits of accuracy of observation of passage of aircraft over target,
the time-to-target dial gave correct readings on a considerable number
of runs. When started automatically upon reception of an adequate
signal, the tracker exhibits an interesting sequence of operations. An
initial large correction by the servo motor, based on radar data, is
usually followed by a period of pure clock tracking with servo quiescent,
then by a minor servo correction, another period of tracking without
error by the clock, and so forth.

When tracking surface targets from an aircraft as in bombing,
corrections for obliquity of radar line of sight are required, but the
linear range-speed relation of Equation (4) remains a good approxi-
mation at low altitudes. The correction factor 7°/T and intercept S,
are no longer functions of altitude A only. The corrections do prove
to be functions of the single variable A/T only, however, and this
variable can easily be generated by feeding the follow-up element of
the altitude-compensating servo with a voltage which is not constant
but proportional to T. Slant corrections were never tried in the experi-
mental tracker, but it does not appear that they would have presented
any serious problem. Release of bombs is easily produced when YgT
becomes equal to A/T, the correct condition for a hit, and with a com-
pensated time tracker release should be accurate even if the radar
signal is fading violently.

E. Search Radar. Because it seems to involve either an unduly
complex multiple-gate indicator or an unduly slow scanning-gate indi-
cator, as discussed in Section IV. D of Reference 1, the application of
FM radar to problems of area search has not been pursued very far.
An experimental scanning-gate system, designated AN/APQ-19, has
been built and given limited field tests on the ground. This system
operates at 4000 megacycles and 20 watts continuous output, and uses
a “B-type” indication, with target azimuth plotted horizontally and
target range vertically on the face of the indicator oscilloscope.

The organization of the system is shown in block form in Figure
16. Range scanning is accomplished by varying the width of the
frequency-modulation sweep from cycle to cvele of the modulation,
thus bringing the beat notes corresponding to different ranges suc-
cessively into the narrow fixed pass band of the receiver. The sym-
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metrical-sawtooth wave with exponentially decreasing amplitude which
is necessary to produce the frequency modulation for this type of
scanning is obtained by integrating a square wave of exponentially
decaying amplitude. This square wave is obtained by alternate step-
wise discharge of two capacitors in a search-forming unit, under con-
trol of timing signals from the modulation generator. Modulation of
the frequency of the magnetron oscillator is accomplished by control
of approximately resonant helical electron beams within the anode
cavities of the magnetron.®* Dipole antennas in parabolic reflectors
are used, and the receiver is a simple crystal mixer, feeding a highly
selective beat-note amplifier which acts as a range gate. The B-type
indicator follows entirely normal radar practice, but the transient
buildup of response of the selective amplifier is blanked off from the
indicator grid during the first half of each modulation sweep, thus
avoiding false indications peculiar to FM operation.

30CYCLE 30 CYCLE
/ PULSES [SAw‘ruo‘rH
—— v [searcn
! MAGNE- [AUXILIARY| ! ! NON-LINE AR : e mobuLATION D\El::i'c"cll‘tl)-N
TRON BEAM AMPLIFIER CrRCUIT [+{GENERATOR AMPLIFIER
S | / =
~. - 840 CYCLE N\ teso CYCLE
~y . . 1 SQUARE WAVE SQUARE WAVE
i r N _ i
1 CcRYSTAL] ! sevector| [t BLANKING 0SCILLOSCOPE
. MIXER AMPLIFIER AMPLIFIER INDICATOR
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1 [
~|{' Vo . v
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.
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'
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Fig. 16—Block diagram of experimental FM search radar AN/APQ-19.

Search with the AN/APQ-19 covers an azimuth sector of 150 de-
grees once per second, with 30 complete range searches per second at
5-degree azimuth intervals. During each range search, 56 single
sweeps of transmitter frequency, all of the same duration but each of
different width, permit separate examination of 56 range elements.
Time spent on each range element is 600 microseconds and the time
constant of the selective amplifier, tuned to 200 kilocyeles, is 140 micro-
seconds. Range search covers the region from 2 to 10 nautical miles,

3L. P. Smith and C. Shulman, “Frequency Modulation and Control by
Electron Beams”, Proc. I.R.E., Vol. 35, No. 7, pp. 644-657, July, 1947.

4 G. R. Kilgore, C. I. Shulman, and J. Kurshan, “A Frequency-Modulated
Magnetron for Super-High Frequencies”, Proe. ILR.E., Vol. 35, No. 7, pp.
657-664, July, 1947. )
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with a constant fractional separation of range elements of 3 per cent
as set by transmitter modulation and a fractional resolution of 5 per
cent as set by amplifier pass band. Application of the considerations
of Section IV, C of Reference 1 indicates that the noise-limited range
of the AN/APQ-19 with azimuth scanning stopped should be about 31
miles against a target of effective echoing area 8000 square meters
(medium freighter). The comparable range for pulse or multiple-gate
FM radar, also operating at 30 complete range scans per second, is
106 miles.

Operation limited by essential noise was never attained with the
simple equipment tested, microphonics being usually a major limita-
ticn. Small ships seen stern-on were lost at about 3 miles in tests,
and a large ship broadside-on was seen clearly at 4 miles. Large fixed
targets about 10 miles away were clearly and reliably indicated; this
was about the range of the radar horizon for the testing site used.
Spreading of indications over several range elements indicated inade-
quate linearity of frequency mcdulation in the system tested, though
laboratory tests of the magnetron used show that good linearity can
be attained by careful adjustment of operating conditions. Special
tests on a very few targets showed strength of received signal to depend
only slightly cn whether transmitting and receiving dipole antennas
were parallel or crossed, and limited tests of crossed-polarization du-
plexing with a single horn and lens radiator gave encouraging prelimi-
nary results.

IV. CONCLUSIONS

Data-utilizing techniques have been developed which make equip-
ment for automatic control by FM radar data very simple and light.
Superheterodyne receivers which use frequency-modulated lccal mix-
ing signals to avoid excessive noise band have been successfully de-
velored for FM radar use.

FM radar has been found in very extensive use to be well suited
for aircraft altimetry, particularly at low altitudes and in landing.

Very accurate low-altitude bombing is possible if bombs are released
at a slant range increasing linearly with slant closing speed. FM radar
measures both range and speed, and is able to operate a relay when
slant target range reaches a value depending linearly on slant closing
speed. Fully automatic blind bomb release from low altitudes is there-
fore possible by using very light, simple FM equipment. Automatic
steering control in the bombing run is also obtainable by suitable lobe-
switching additions to the same equipment. By modifying its calibra-
tion, the bembing equipment can be used for automatic level-flight
rocket firing.
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Space search by FM radar has been demonstrated, but with a rea-
sonably simple indicator is either unduly slow or insensitive.

The simplicity of automatic control by FM radar methods suggests
such means for holding a craft ¢n a predetermined glide path or for
tracking a moving target. By combining speed and range data to track
an approaching target on a time basis, the variable-speed drive required
by other trackers is eliminated.
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engineering from the Massachusetts Institute of Tech-
nology in 1937, and the M.S. degree from the same insti-
tution in the same year. He joined Radio Corporation of
America in 1937, and is now engaged in television re-
search at RCA Laboratories Division in Princeton, N. J.
Mr. Sehroeder is a member of the American Association
for the Advancement of Science, and an Associate Mem-
ber of the Institute of Radio Engineers.

KaRL R. WENDT attended the Municipal University of
Akron, Marquette University, and the University of
Wisconsin. During 1928-1929, he was a research assist-
ant in the chemistry department of the University of
Wisconsin, and in 1929-1930 he was in the research
laboratory of the Sun Oil Company. In 1930, he joined
the RCA Manufacturing Co. and has been a member of
the research laboratories of RCA since 1934. From 1942
to 1948 he was with RCA Laboratories Division in Prince-
ton, N. J., engaged in television research and develop-
ment. Since August, he has been with Colonial Radio

Corp., Buffalo, N. Y. Mr. Wendt is a Member of Alpha Chi Sigma, Sigma
Xi, and a Senior Member of the Institute of Radio Engineers.
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IRVING WOLFF received the B.S. degree in physics from
Dartmouth College in 1916 and the Ph.D. degree in
physies from Cornell University in 1923. He was an
instructor in physics at JTowa State College during 1919
and at Cornell University from 1920 to 1923, where he
was a Hechscher Research Fellow in 1924. He joined
the Technical and Test Department of the Radio Cor-
poration of America jn 1924. From 1930 to 1941, in the
Research Division of the RCA Manufacturing Co., he
worked on problems in mierowaves, radar, and aviation.
Since 1941 he has been connected with the RCA Labora-
tories Division, Princeton, N. J., where he is now Director of the Radio
Tube Research Laboratory. Dr. Wolff is a Fellow of the Acoustical Society
of America and the Institute of Radio Engineers, and a Member of the
Physical Society, American Association for the Advancement of Science,
and Sigma Xi.
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