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THEORY OF SYNCHRONIZATION APPLIED TO NTSC COLOR TELEVISION

Donald Richman
Hazeltine Corporation

Introduction

Tne field test standards for color
television specified by the Nautional Tele-
vislon System Committee add color a mono-
chrome picture by means of a8 frequency-
interleaved carrier color signal which
carries one component of the color infor-
mation in its phase and another component
in its amplitude. A color sync sirnal at
a reference phase is provided in the trans
mitted signal to permit measurement of the
instantaneous phase anzle of the carrier
color signal in receivers,

The color sync signal carries phas-
ing information. Tane adequacy of this
phasing information has been questionec.

At the request of t he NTSC a study
was made to find out how much phasing arnd
synchronizing information is contained in
the color sync. signal and how it may be
used. The study showed that the phasing
and synchronizing information inherent to
the color sync signal is sufficient to
provide completely automatic operation,
Tnis means that a customer-operated con-
trol relating to color sync should be un-
necessary on NTSC color television re-
ceivers. This paper will outline the facs
upon which this conclusion is based,

I. The Color Burst

Figure 1 shows the NTSC synchroniz-
ing waveform during one line retrace int-
erval, The color synchronizing signal
consists of a burst of approximately 9
cycles of sinusoidal waveform at the
color carrier frequency of 3.58 me. It
occurs during the line blanking pulse
following each horizontal sync pulse. It
is omitted during the 9 lines in each
field in which the field synchronizing
information is transmitted.

The color burst is used in the
color television receiver to provide a
control signal for the generation of a
local continuous wave signal at the nom-
inal burst frequency and locked to it in
phase,

IT. Burst Sync Integration System

Figure 2a shows a typical burst
sync integration system., It consists of
a Time Gate, (normally keyed from line
flyback), an Amplitude Limiter, and an
Integrator which averages the synchronizirg

information obtained over some period of
time .

The input to the integration system
consists of color sync plus undesired
noise components, Fipure 2b indicates
how the sync can be phase modulated by
noise,

The output of the integration sys-
tem is a steady sync reference signal, as
indicated by Figure 2c., The rms phase
error due to input noise in the output
reference signal is held within selected
lirits by the integration,

The narrow=-band integrator can pro-
duce a static phase error., Tne static
phase error may be made as small as de-
sired ty the use of degenerative feedback
A4ithin the integrator. This long-time
control may be achleved independently of
the other basic properties of the sync
system,

III. Intecration Time for Phase Accuracy

Thermal noise is the most serious
form of noise interference because it can
only be discriminated against by averag-
ing. It has therefore been used as the
measure of interference which must be
overcome by burst sync circuits

Figure 3 relates the video signal-
to-noise ratio, So/Ny, of a receiver to
the rms phase error, é s of the output
reference signal coming from the integ-
rator. The integration time, TM», re-
quired to hold the error to the selected
level, is a parameter. Ny is the rms
noise in a 4.3 megacycle video bandwidth,
A recelver having a 6 db tuner noise fig-
ure produces a signal-to-noise ratio of 1
with a 30 microvolt signal applied to a
300 ohm antenna.

The point A shown on Figure 3 cor-
responds to the approximate level of per-
formance desired From the system. The
rms phase error is to be held to within
50 at a signal-to-noise ratio of unity.
This shows the required integration time

to be of the order of magnitude of
1/200th of a second,

Circuits with this measure of noise
immunity have been found experimentally
to reduce color sync noise to about the
point where it disappears in the video
noise when color pictures are viewed,



IV. Passive Integrator

Fisure La shows the block diagram
for an integrator in which the required
integration is obtained by use of a pas-
sive hipgh-Q filter,

The amplitude response of the fil-
ter as a function of frequency is shown
in Figure Lb. The equivalent nolse band-
width of the filter 1s fy. The noise
bandwidth of the filter should not exceed
approximately 200 cps for the level of
performance indicated on the previous
slide., Tne necessary 3 is then approx-
imately 28,000; this requires the use of
a crystal filter. Practical crystals in
the frequency range of the color subcar-
rier can achieve the required ¢  but ap-
parently cannot as yet exceed it by a
large factor.

Figure lc shows the phase charact-
eristic associated with the crystal sel-
ectivity. Undesirably large static phase
shifts could occur with reasonable toler-
ances on crystal fregsuency stability of
tuning, but are prevented in the circuit
shown by the use of feedback. The cir-
cuit includes the high-Q filter, a vari-
able phase shifter, a 90° phase shift
unit, and a low-pass (DC) filter, con-

nected in a feedbacx loop.

The static phase may be held as
closely as desired by putting enough DC
galn in the feedback loop. The signal-
to-noise ratio at the output of the sys-
tem will not be impaired if the bandwidth
of the DC filter is sufficiently narrow,

Rapid phase stabilization can occur
shen channels are switched if the fre-
quency stability is comparable to the
noise bandwidth. The stabilization

time for small detunings will be of the
order of a few tImes the transient time
constant of the phase feedback loop.

This means that completely automatic per-
formance is possible with this circuit.

The ultimate limitations of passive
integrators are: the limitations on Q,
and the degradation of performance when
the filter bandwidth is narrow compared
to tuning stability.

V. Standard Automatic Frequency and Phase
Control Locked Integrator

Figure 5a shows the block diagram
of a standard automatic frequency-and-
phase control loop. It includes a local
reference oscillator, a phase detector
which measures the phase difference be-
tween the sync signal and the oscillator,
a filter, and a reactance tube which con-
trols the oscillator frequency.

The filter has low uniform trans-
mission in a frequency band up to half
line frequency, and very high DC trans-
missione.

The oscillator is held at sync fre-
quency by a DC control voltage generated

in the phase detector by a static phase
shift A¢,_ and the amount ATf, by
which the oscillator is pulled in
frequency. The static phase error can
be made as small as desired by making
the DC loop gain high; this makes the
holding range, f,, much larger than the
normal operating range.

Figure 5c shows (to the same scale)
the modulation response curve for the APC
loop as a function -of modulation frequercy
The APC system obtains its selectivity by
heterodyning the sync signal against the
oscillator and passing the phase differ-
ence information through a low pass fil-
ter with feedback. The response is de-
termined as much by the feedoack as by
the AC transmission of the filter. The
noise bandwidth of the APC loop is indic-
ated on the figure as fyy. Since an APC
loop phase detector does not distinguish
between noise components above or below
the oscillator frequency, the noise band-
width of the APC loop should not exceed
approximately 100 cps for the desired
level of performance. The APC loop is
not limited in effective Q, and is suto-
matically peak tuned. However, reducing
the noise bandwidth impairs the pull-in
performance.

Figure 54 is a sketch of pull-in
time for this loop as a function of the
initial oscillator detuning Af. The
time increases with Af at a rate not
slower than square law to the 1limit of
the pull-in rance, at which point it
becomes infinite. For most designs the
pull+in range is substantially smaller
than the 1imit of one-half line frequency

VI. Standard APC Optimum Pull-In

There is an upper limit to the
pull-in performance obtainable with the
Standard APC loop; this 1limit is shown
in Figure 6 which relates the pull-in
time Tp in seconds, to the noise band-
width fyy in cycles per second.

The relationship between noise
bandwidth and pull-in time is shown for
several values of ATf. For example,
point A shows that an optimum design unit
of this type having a noise bandwidth of
I00 cycles can pull in from a value of
A f = 1000 cycles in 4 seconds. In the
limit, the pull-in time is proportional
to ( Af)2, and inversely proportional to
the cube of the noise bandwidth. This
indicates that the Standard APC loop is



adequate for completely automatic color
synchronization.

Not all designs of the APC circuits
Wwill achieve the limits of performance
shown in Figure 6. In fact the majority
of past designs have fallen short of the
limit. A method for obtaining all of the
performance of which this circuit is cap-
able, along with a more detailed descrip-
tion of its properties, is presented in
tne paper "Automatic Phase Control Syn-
chronization for NTSC Color Television",
later this afternoon.

The systems presented thus far per-
mit a level of performance which appears
to meet but not exceed the requirements
for completely automatic burst synchron-
ization. The signal itself permits sub-
stantially better performance,

VIiI. Response to Frequency Difference

Sync systems have two separate and
distinct modes of performance. These
are: maintaining phase stability after
synchronization, and achieving synchron-
ization. Each mode has its own limit-
ations. PFizure 7 shows how these are
related in the standard APC system,

Floure 7a shows the modulation
passband of the APC loop. Figure 7b
shows the control voltage generated by
this loop in response to an oscillator
detuning, ATf, plotted to the same
horizontal scale,

Within the linear region, frequency
pull-in is instantaneous. A DC voltage
proportional to the initial value of Af
is generated in the first cycle of beat-
note. For larger values of A f the cir-
cuit generates a control voltage which
varies inversely with A Tf as shown,

The inverse shape is not undesirable
in itself. However, the relationship
shown: between noise transmission and gen-
erated voltage for pull-in for the stand-
ard APC Loop causes the expensive exchange
of pull-in time for noise immunity shown
earlier,

The pull-in performance for a speci-
fied noise bandwidth may be improved by
use of an auxiliary frequency detector,

Figure 7c shows a form of frequency
control curve which may be ideal for the
auxiliary frequency .difference detector.
It approaches linear frequency detection
when Af is large but is inactivitated
after synchronization has been achieved
because of the flet region near the cen-
ter of the curve,

VIII. Improved Synchronization System,

For best performance the sync sys-
tem should make the pull-in and hold-in
modes of operation as independent as
possible of each othert's limitations.

Figure 8 shows the block diagram
for a sync system which does this., It
supplements the Standard APC system
shown earlier with an auxiliary frequency
difference detector to improve the pull-
in performance,

The frequency detector must be
able to discriminate against noise,

The real limitation of the sync
system with respect To frequency pull-in
is the ability of the system to recognize

.a frequency difference and distingulsh 1T

from noise,

This sets the real upper limit of
perfermance. If the frequency measure-
men s near, then, uafter a time delay
during which the frequency difference is
measured, the reference oscillator may be
switched instantaneously by the proper
amount to provide synchronization, A

system for doing this may be called an
ideal sync system,

The shortest freyuency pull-in
time for reliable performance is the
integration time necessary to measure
the frequency difference with enough
accuracy so that after switching, the
osclillator will be within the range of
irstantaneous pull-in shown previously,
For example, in aburst sync system de=-
signed for 7-1/2 kilocycles peak pull-in
range, the integration time required for
accurate frequency measurement at a sig-
nal-to-noise ratio of unity corresponds
to approximately one cycle at a frequency
equal to the noise bandwidth.

The ideal, switched,. system has
equal pull-in times for all frequency
differences,

In the sync system of Figure 8, an
essentially direct connection for the
auxiliary frequency difference detector
has been found practical, Such a system
provides an intermediate level of perfor-
mance which appears commercially attract-
ive,
IX.

Quadricorrelator: Frequency Differ-

ence Detector

Figure 9 presents one form of the
frequency difference detector called a
Quadricorrelator, The quadricorrelator
can produce the frequency control curve




shown earlier, with the necessary noise
immunity. It includes a pair of synchro-
nous detectors which heterodyne the sync
signal against two reference signals in
quadrature with each other. When a fre-
quency difference exists, beatnotes appear
at the outputs of the synchronous detect-
ors and pass through the identical band-
pass filters shown,

A differentiating circuit in the
I-channel shifts the phase of the I-
signal by 90°, The resulting signals are
applied to a third synchronous detector,
the output of which is filtered as showne.
The output voltage is proportional to
frequency difference for those frequen-
cies which are passed by the band pass
filters,

The vector diagrams (b) and (c)
indicate how the polarity of the frequen-
cy difference is Seferm{ned. Rp and Rq
are vectors in quadrature. The rotating
vectors represent the sync signal, The
relative direction of rotation depends
on whether the frequency difference 1s
positive or negative. When A W > 0,
the rotating vector comes in phase with
Ry 90° before it comes in phase with Ry
When & w £ O the opposite is true., The
900 phase advance caused by differenti-
ation of the I-channel beatnote makes
the signals applied to the final synchro-
nous detector be in phase or opposing,
depending on the sign of AW,

The quadricorrelator obtains its
noise immunity as a frequency detector
by heterodyning a beatnote against the
only independent signal avallable at
identically the same frequency, which is
a beatnote derived from a quadrature
sample of the same slignal. Thus, as
indicated by Figure 9d, it effectively
permits an automatic tracking hetero-
dyne filter to be applied to the beat-
notes,

One additional feature of the
quadricorrelator has proven useful; 1ts
component parts are already present in
NTSC color television recelvers.

X. Comparative Performance

Figure 10 compares the upper limit
of burst sync performance to the best

previous performance, It shows the
pull-in time in seconds plotted against

a figure of merit which is the product

of input signal-to-noise ratilo and out-
put rms phase error; for best performance
these are both small.

Two groups of curves are shoWne.
One group relates to the Standard APC
system; point A corresponds to a signal-
to-noise ratio of one and an rms phase
error of 30, For this case the Standard
APC system can pull in from 1 Kc in four
seconds,

The second group indicates the
approximate limit of performance for the
burst sync signal, For the same degree
of noise immunity, and a 7-1/2 Kc pull-
in range, point B shows a pull-in time
of .05 seconds.

It is interesting to see what would
happen in the unlikely case that the re-
quired phase error were reduced to one
degree, making the abscissa unity.
Limiting pull-in performance for the
burst sync signal would then be about
one second of pull-in time, while the
Standard APC loop with optimum design
would require seventeen hours,

Conclusions

The preceding discussion has shown
that completely automatic operation of
burst sync circuits is possible, simul-
taneously providing high noise Immunity
and negligible pull-in time. Two forms
of well-known circuits are capable of
meeting these severe requirements., The
signal, and simple new clrcuits permit
performance far in excess of what 1s
required,

Bibliography

The mathematical derivations of
formulae presented in thls paper appear
in Technical Monograph #7 of the
National Television System Committee.
This monograph will appear in the IRE
Proceedings la ter thls year.
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COLOR SYNCHRONIZATION IN THE NTSC COLOR TELEVISION RECEIVER
‘BY MEANS OF THE CRYSTAL FILTER
William E. Good
General Electric Company
Syracuse, New York

Summary---The quartz crystal filter or ring-
ing circuit shows promise as a color synchronizing
system for the NTSC color television receiver, Its
performance is comparable to the A.F.C. type cir-
cuit and it responds in a passive fashion., A
typical circuit is given, the design parameters
are discussed and some of the dif ficulties are
noted,

The commonly used technique for color syn-
chronization in the NTSC color television receiver
is the use of standard or nYd%rieg Automatic
Frequency Control circuits.*s 9355 Another tech-
nique that shows grondse is the use of the passive
crystal filter.l> 3»4 This papsr will cover the
operation.of the crystal filter and compare its
performnce with that of the A.F.C.

The function of the color synchronization
circuit in the NI'SC color receiver is to develop
or generate a comtinuous wave 3,58mc voltage that
is synchronized in frequency and phase with the
reference "burst."” This burst is transmitted
after each horizomtal synchronizing pulse and
consists of eight cycles of the 3.58mec color sub-
carrier. (Figure la) The phase of this reference
burst is that of -(B-Y) as shown in Figure 1(b).
The continuous wave R.F. voltage is used to switch
the synchronous det ectors or color demodulators,
0f course, the phase of this reference voltage
must be properly set so that the demodulators
detect along the correct vectors, the phases of
which are indicated in Figure 1(b). Figure 2
shows the arrangement of the circuits in this
part of the color receiver, from the second de-
tector through the synchronous detectors,

The fidelity of the final colors on the TV
screen is determined by the phase accuracy of the
reference voltage at the synchronous detectors,
Experimental evidence has shown that a phase in-
accuracy of 5° to 10° may result in perceptible
color degradation, This amount of phase error
may thus be considered to be the tolerance that
the system mist mintain for satisfactory perform-
ance, This tolerance, of course, must be divided
throughout the whole color system. If we allow
the receiver the lion's share o say 5°, then we
might reasonably allow the color synchronization
portion up to say £ 3° of phase error due to any
one cause, )

th this tolerance in mind we may now go
ahead with the operation of the crystal filter
and the criteria for its design., The crystal
filter is basically a narrow bandpass filter,
centered at the color subcarrier frequency of
3.58mc, which filters out the fundamental or
carrier component from the burst spectrum. A
burst gate is introduced ahead of the filter cir-
cuit to prevert picture information from in-
fluencing the phase of the resulting sine wave.

Perhaps a simpler way of thinking of this oper-
ation is that the burst shock-excites the crystal
and it continues to vibrate or "ring" for the rest
of the horizontal picture inmterval. For this de-
caying wave to remain of appreciable amplitude
during the 220 cycles of the horizontal picture
interval, the Q of the circuit mist be relatively
high., Even with the highest usable Q's there is
some decay during this interval, so that it is
necessary to follow the filter with a limiter to
obtain constant output for the synchronous de-
tectors. It will be noted that the operation of
such a filter is purely passive and depends en-
tirely on the presence of the burst for any out-
put to appear.

The appropriate bandwidth or Q of the filter
is determined by evaluating two factors. One of
these is the performance of the system under the
influence of noise.ls3 as might be expected, the
narrower the filter, the less the phase of output
voltage will be affected by a given amount of
noise in the input signal. Thus good performance
under noise conditions dictates a very narrow
bandpass or a high Q. The other factor is the
static phase shift or error due to the variation
of some parameter in the color synchronizing
system, The first of these is the variation of
the color subcarrier frequency at the transmitter.
The NTSC specifications® allow a tolerance of
é 0.0003% in the 3.579545mc subcarrier frequency
which amounts to approxdmtely 7 11 cycles. Con-
sidering the filter as a series tuned circuit,
the phase shift of 3° for an 11 cycle frequency
change necessitates a bandwidth of 440 cycles or
a Q of appraximtely 8,000, This is an upper
limit on the Q if we restrict ourselves to the
# 3° phase shift, With a Q of 8,000, the wave
will decay to appraximtely 90% of its initial
value during one line. The other main source of
variation would probably be due to a temperature
change of the crystal in the receiver with a
resulting change in its own matural frequency.
The amount of power in the crystal filter circuit
is smll so that self heating of the crystal is
probably negligible and, therefore, the ambient
temperature in the vicinity of the crystal is the
important factor. The phase change produced by
a drift in crystal frequency is the same as that
produced by an equal change in transmitter sub-
carrier frequercy; so if we want again a 3° phase
drift due to crystal frequency drift , adof
8,000 allows the frequency drift to be the same
as the transmitted subcarrier drift or ,0003%,
Practical crystals can be made with a temperature
coefficient of 1 ppm/°C. in which case the allow-
able temperature tolerance is  3°C,, after the
equipment reaches its operating temperature. It
would again appear that a Q of 8,000 represents a
reasonable upper limit.



The absolute frequency to which the crystal
must be ground can be determined by figuring the
phase shift that would occur during one horizontal
picture interval, If it is assumed that the out-
put reference phase is correct at the beginning of
the line, then it should be off by, say, no more
than 3° at the end of the line, This would be
accomplished if the resonant frequency of the
crystal differed by less than 140 cycles/second
from the correct frequency. This gives a grinding
tolerarce of Z 0.003%. This tolerance could be
easily enlarged by providing some tuning for the
crystal in the filter itself by use of a variable
capacitor in series with the crystal. Of course,
the static phase error would be large for a crystal
off frequency by 140 cycles (A 30° for this case)
and the overall circuit must have enough range of
phase control to mke up for it,

A typical circuit for the crystal filter is
shown in Figure 3, The burst gate is the first
tube and the step-down transformer in its plate
circuit reduces the impedance of the source to a
value that will efficiently drive the crystal,

The second tube is an amplifier which brings the
signal up to a sufficient amplitude for driving
the limiter, which is tube mumber three. The
crystal filter circuit is quite similar to that in
a commnication receiver in which the crystal is
used in its series resonant mode. The total re-
sistance in the crystal circuit determines the Q.
As the inherent Q of the crystal is mch higher
than the desired Q, this resistance is the sum of
the values of the termination and of the source.
The internal series resistance of an AT cut quartz
crystal may be 50 ohms while the total external
resistance may be 500 ohms for a Q of 8,000,
Figure 4 shows typical values for one type of AT
cut quartz crystal, as well as the equivalent cir-
cuit and the required external resistamce as a
function of bandwidth, The bridge type circuit

is used to neutralize the shunt capacitance of the
crystal and thus to permit the device to be an
effective filter,particularly at frequencies away
from resonance. The neutralization condenser may
be adjusted by minimizing the transient that occurs
during the burst interval as shown in Figure 5.

If the neutralization is not used, striations may
appear in the picture and also the noise bandwidth
will be wider than necessary. The woltage de-
veloped in the termination must be amplified to a
suitable value for effective limiting., Figure
5(a) shows the gated burst while the 5(b) shows
the output of the un-neutralized filter. The
neutralized filter cutput is shown in 5(c). Look-
ing at the filter output at vertical rate shows
the decay during the vertical synchronizing in-
terval when no burst is being transmitted, An
interesting side light appears in 5(d) in which a
beat note shows up in the transient if the crystal
is off frequency.

The limiter that has been used most is the
simple grid current type with a time constant in
the neighborhood of 2us. This limiter must be
fairly effective in keeping the amplitude of the
output wave at a constant value for driving the
synchronous detectors, Otherwise, the variation
in the amplit wle of the referemce wave my appear
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in the final output and give rise to shading of
the color picture. For good noise performance,
the 1imiting should be effective enough to prevent
wide variations in amplitude of the driving signal
due to noise, from appearing at the output of the
limiter. If amplitude variations do appear in the
output, then colored streaks may appear in the
picture each time the limiter fails, An amplifier
(V5) 1s shown in the circuit of Figure 3 between
the filter and the limiter to assure sufficient
signal amplitude for effective limiting. With
care, it appears feasible to eliminate V5 and
substitute an impedance matching or voltage step-
up network and still obtain effective limiting.

No attempt is made here to incorporate a
ncolor killer" which would cause the color portion
of the set to become inoperative if no burst is
presert, However, it should be pointed out that
the DC voltage that is developed at the grid of
the limiter could be used for this purpose. In
fact, this same DC voltage could be used for color
A.G.C,

The transformer at the plate of the limiter
13 used to furnish the referemce signals at O° and
-90° to the two detectors. Fortunately, even if
the phase does coms out wrong with all circuits
tuned to resomnce, it is possible to obtain the
correct values by switching leads of the trans-
formers involved, Of course, each tuned circuit
is a potential source of phase shift or error and
as such should be designed to minimize this
possibility. A mster phase control (perhaps a
panel control) can be had by tuning any one of the
tuned circuits, preferably ahead of the limiter,
The circuit in the plate of the burst gate is con-
venient for this purpose,

Preliminary tests at the General Electric
Company in Syracuse show that noise bandwidths of
500 to 1000 cycles should give satisfactory per-
formance of the color synchronizing system,

This filter has been used in several ex-
perimental field test receivers with good results,
In a number of practical field tests such as
receiving color transmissions from WHAM about 70
miles away, it has been possible to obtain effect-
ive color synchronization even though the burst
was barely visible in the noise, Saturated color
bars were discernable at this signal to noise
ratio but color slides were not.

One exasperating difficulty that arose early
in this work was with vertical striations appear-
ing across the screen which could not be tuned
out, and even though the output voltage was
effectively limited in amplitude a resulting phase
shift occurred as pictured in Figure 6, Figure
6(c) is the output of a quadrature detector show-
ing the phase error of the reference signal, This
effect was traced to a spurious mode of the cry-
stal which was exactly on the same frequency as
one of the Fourier series components of the burst
spectrum, i.e,, separated from the color carrier
by an integral multiple of the 15,750 cycle line
rate. Spurious modes that gave the appearance of
striations or vertical bars occurring at 3 and 5
times line rate away from the desired frequency
appeared most often, A number of crystals were
measured and found to have spurious modes at or




near these frequencies plus several others - all
on the high frequency side., The problem has now
been solved by contour grinding the crystals in
such a way as to keep the spurious modes in be-
tween these critical values or moved out far
enough so they can do no harm, We are indebted to
Mr. Roy Lewis of the General Electric Company for
his assistance in this problem.

Another cause of phase error could be due to
the action of the grid current type of limiter,
The phase shift due to the decaying wave itself
would be quite negligible but it is conceivable
that the action of the limiter might be such as
to cause the phase to shift as the wave decays.
Several preliminary experiments seem to indicate
that this effect is small, especially if the Q is
high, and may amount to an error of less than 20,
The general slope in Figure 6(c) is apparently due
to a combimtion of phase change due to limiting
and phase change due to slight off frequency
operation of the crystal. By tuning the crystal
with a series capacitance, it is possible to keep
the overall effect quite small,

To summarize, the crystal filter can be
designed which has only a £ 3° phase error for
transmitter frequency variations, a reasonable
stability with temperature change and a passive
type of performance, With the 3db bandwidth of
4L40c (Q = 8,000) or a noise bandwidth of 57! x L40c

or about 700 cycles, it is capable of good per-
formance in noise right down to a point where the
color picture is no longer usable,

The A.F.C., when properly designed, can, for
the same noise bandwidth, have a very small static
phase error with frequency change - mich less than
a degree for tolerable subcarrier frequency
changes. Its output is quite constant. It has
the problem of pull-in range and that of suff-
icient inherent stability to prevent side-lock to
one of the other sidebands in the burst spectrum.
When side-lock occurs, vertical color bars appear
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BURST
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\
\
\
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in the picture and as the oscillator is locked in,
it is perfectly content to remin side-locked.
The roise performance will be the same as the
crystal filter for equivalent noise bandwidths,
except possibly for the superior amplitude limit-
ing characteristic of the A.F.C. circuit. The
AF.C. my lose control with a noisy signal and
then the colors will appear to roll in a vertical
direction, as the oscillator runs free and
slightly off frequency,

In general, then, the two circuits are cap-
able of equivalent performance under the same con-
ditions with the A.F.C. having a slight edge, once
it is locked in, With weak signals the A.F.C. may
drop out of synchronization and give rolling
colors while the crystal filter just fades out due
to the passive mature of its operation., The A.F.C.
may side-lock while the crystal cannot,

The work on the crystal filter for color
synchronization has been greatly assisted by the
efforts of three G.E. Advanced Course Students,
mamely, S. M. Garber, O. J. Jacomini and T.T. True.
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Fig. 1

(a) the NTSC color synchronizing waveform
showing the horizontal synchronizing
pulse on the left and the B8-cycle

3.58-mc burst on the right or

back porch. (b) vector diagram showing
the relative phases of the burst,

the color difference signals and I and Q.
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Figo 2
Block diagram of the NTSC oolor television
receiver between the second detector and
the synchronous detectors showing the
function of the crystal filter. Waveforms
are depicted for one
horizontal time interval.
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(a) equivalent cirouit of the orystal
filter which operates in its series
resonance mode. (b) typical values
for one type of AT out quarte
crystal with graph of bandpass vs.
the total external resistance in
the crystal cirouit.

Fig. 6
(a) output of orystal filter (before
1imiting) showing the effect of a
strong spurious mode approximately
3 X 15.75 ke away from the funda-
mental frequency. (b) wave in (a)
after limiting. (o) output of a
quadrature synchronous detector
showing the phase error that
exists in signal (b). The sine
wave is due to the spurious mode, .
while the sloping part is due to
a combination of a slightly off
frequency orystal and possible
phase distortion from the limiter.

LIMITER

Figo 3
A typical diagram of the crystal
filter as used for color synchronization
in the NTSC television receiver. Vy is
the burst gate. The orystal filter is
followid by one stage of amplification
and then by the limiter stage.
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(a) appearance of the burst at the plate of

the burst gate tube. (b) decaying wave

at output of crystal filter, not completely

neutralized. (o) same as (b) with neutral-
izing condenser properly set. For a Q of
8000 the wave decays to approximately 90%
during one line. (d) decay during vertical
synchronizing interval when no burst is
transmitted. (e) appearance of trans-
jent during buildup when orystal is
considerably off frequency.
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APC COLOR SYNC FOR NTSC COLOR TELEVISION

Donald Richman
Hazeltine Corporation

Introduction

The ‘complex synchronization systems
used in modern television receivers are a
result of the need for integration of the
synchronizing information for improvement
of signal-to-noise ratio. In the case of
horizontal sync this problem has been uni-
versally solved in this country by the
use of automatic phase control circuits
such as that shown in Figure 1 in which
the average frequency and phase of a lo-
cal oscillator are controlled by the
long-time-average phase of the synchron-
izing signal, The new synchronization
problem presented by color sync in the
NTSC system has therefore raised the pro-
blem of how these APC circuits may be ap-
plied for color sync, This paper will
show how to obtain the most performance
per unit cost from the Standard APC Loop.

I. "Standard" APC Loop Block Diagram

Figure 1 shows the block diagram of
a standard automatic frequency and phase
control loop. It includes a local refer=
ence oscillator, a phase detector which
measures the phase difference between the
sync signal and the oscillator, a filter
which partly determines the integration
properties of the APC loop and a reacte
ance tube for controlling the oscillator
frequency. The ratio, m, of AC to DC
transmission through the filter is an im=-
portant design parameter,

II. Measurable Parameters

Figure 2 shows two of the four basic
parameters which determine the operating
characteristics of the APC loop. Fig-
ure 2a shows the reactance tube sensi-
tivity. It relates the control voltage
E, applied to the reactance tube, to the
frequency shift - Af, which it produces
in the oscillator. It is normally near-
ly linear, having a slope B =2,

IE

Filgure 2b shows phase detector gain.
It relates the phase difference, ad,
between the burst signal and the refer-
ence oscillator, to the voltage, E,
which it produces. The curve (b) has
a sinusoidal shape,

The slope of the phase detector
gain curve at the operating point, indi-
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cated by p = %4, is the gain of the
phase detector for in-sync operation.

p is numerically equal to the peak value
of the sine-wave. i and the curve (b)
must be measured statically.

The product o . 8 = f¢ is the DC
loop gain of the APC loop. f¢ is numer-
ically equal to the frequency holding
range.

For normal in-sync operation-at
signal-to-noise ratios of interest the
phase detector is essentially linear be-
cause it operates near the balance point
showne.

However, during pull-in the system
goes through many revolutions, each cov-
ering the entire range of phases. A
phase deviation of many thousands of ra-
dians often occurs. Thus, while we can
use linear analysis to determine the
integration properties of the APC system
after synchronization, we must resort to
a solution of the existing non-linear
system in order to find out how the sys-
tem pulls in. Linear servo theory gives
completely erroneous answers about pull=-
in,

III. Static Characteristics

Figure 3 shows the hold-in charaet-
eristics of the APC loop. It shows how
much static phase error, 4¢ , is required
to generate enough control voltage to
shift the oscillator frequency by Af.
This curve is obtained from the curves
for 4 and @ shown in Pigure 2,

The DC loop gain, f,, is equal to
the holding range. By making f. large
enough, the maximum static phase shift
may be held within any desired limits in-
dependently of the noise integration prop-
:§ties of the APC loop for in-sync opera-

OnNe

Fortunately, making f¢ larger
makes the pull-in range larger and reduces
the pull-in time. To illustrate this,
the equation for the pull-in range is
presented in Figure 3. The range is de-
termined by the DC loop gain f, and the
parameter m which is the ratio of AC to
DC loop gain,



The term mf, is the AC gain of the
loop. The pull-in range is closely equal
to the square root of the product of 2f,,
the peak-to-peak holding range, and mfc,
and AC loop gdin, For some deslgns, ade-
quate pull-in performance requires a
larger value of f_  than is required for
tight static phase control,

IVe Dynamic Characteristics

Figure L presents the second pair
of measurable loop parameters necessary
for design. A simplified diagram of
part of the APC loop shows the phase de-
tector, the reactance tube, and the fil-
ter connecting them,

The filter consists of a large
series resistance, R, often including the
phase detector output impedance as a
ma jor portion, and the shunt time con-
stant xT consisting of the resistor xR
and the capacitor C.

For most frequencies in the pull-in
range the capacitor is effectively a
short circuit; the AC loop gain can be
measured by observing the beatnote across
the shunt time constant with the loop
open, If the capacitor were shorted the
DC and AC loop gains would be equal. For
this simplified circuit the hold-in and
pull-in ranges would both be reduced to
mf. and the noise bandwidth would be
/2 times mfc.

The capacitor C permits the DC gain
to exceed the AC gain, which 1s necessary
for good pull-in performance. However,
the reactance of the c apacitor causes in-
creased loop phase shift at some frequen-
cies and hence a resonant rise in the
transmission characteristic of the APC
loop. This increases the noise band-
widthe.

The noise bandwidth, fyy, is a mea-
sure of how severely noise can phase mod-
ulate the oscillator. The noise band-
width is very closely represented by the
simple equation at the bottom of Figure L.
The added term due to capacitive react-
ance is the frequency at which the trans-
mission of the APC filter is 3 db up from
the minimum value me The 3 db down fre-
quency for the filter is much lower. of-
ten at a small fraction of a cycle.

Ve APC Loop Modulation Response

Figure 5 shows the response char-
acteristic of the APC loop as a function
of modulation frequency. The frequency
scale has been normalized .by dividing by
noise bandwidth. The curves shown re-
present the relative response of- the
system to small signal phase modulation

by noise during in-sync operation. Cur-
ves are shown for five values of a para-
meter K.

Later in this paper, it will be
shown that values of K near unity give
a good deal better pull-in performance
at any noise bandwidth than values of K
differing substantially from unity. The
parameter K provides a second relation-
ship between the AC gain mfc¢, and the
shunt time constant xT, which have pre-
viously been shown to determine the noise
band. K is T/2 times the product of
mfc and xT.

VI. Pull-In Control Effect

Figure 6 relates to the mechanism
of pull-in for the standard APC loop.

Figure 6a shows the beatnote wave-
forms appearing at the output of the
phase detector when the system is out-
of-sync, for two values of oscillator
detuning, af. The beatnote period in
each case is one horizontal unit.

Figure 6b shows the DC component
or average value of the beatnote, This
DC component is fed back throu the
resistance divider and causes the bdeat-
note frequency to be less than af.
When Af & mfc a voltage is generated
within the first cycle of beatnote which
is large enough to cause pull-in. When

AL exceeds mfe a DC component is gen-
erated which varies inversely with af
as shown.

The DC component charges the cap-
acitor through the long time constant
filter. This capacitor bias then re-
duces the effective value of Af. This
in turn shifts the average frequency
difference, and the voltage toward which
the capacitor is charging. If the DC
loop gain is high enough, pull-in will
eventually occur.

The gated nature of the burst sync
signal limits the pull-in range for this
circuit to one-half line frequency.

Figure 6¢ shows a simplified ex-
pression for the pull-in time which
holds when the pull-in is limited by
loop gain. The frequency pull-in time
Tp is proportional to the product of the
shunt time constant xT with the fraction
shown. The numerator(af) /(mf¢)* de-
fines the performance when only a small
fraction of the pull-in range 1s used,
The denominator contains a term which is
the square of the ratio of Af to

A fmaxe The denominator goes to zero
at the limit of the pull-in range, where
TF becomes infinite.



This equation can be written in
several forms which are useful for de-
sign worke It is a good approximation
to the curves shown on the next slide.

VII. Pull-In Characteristics

Figure 7 shows two graphs which re-
late pull-in time to the frequency dif-
ference Af over which the oscillator
must be pulled. Both the ordinate and the
abscissa are normalized in terms of noise
bandwidth. Introduction of the noise
bandwidth makes the curves be functions
of the two parameters m and K. The left
hand curve shows performance for K = 1/2
and values of m of .1, .01, and .00l res-
pectively. In this case, where K is con-
stant, the DC loop gain fy varies inverse-
ly with m. ,Thus, increasing the DC loop
galn decreases the pull-in time represent-
ed by the approximate limit curve shown as
a dotted line. The limit curve represents
a square law relationship. The value of
K = 1/2 was chosen because it makes this
limit curve have its lowest value,

Figure 7b shows the performance
for three values of K, with m constant
at .01, The curve for K = 1/2 is seen
to have the lowest linear position re-
presenting the limit curve, The curve
for K = 1/2 requires longer pull-in
times and has less pull=in range. The
curve for K = I} requires a longer pull.
in time than the curve for K = 1/2 for
small frequency deviations but has al-
most 50% more pull-in range than the
curve for K = 1/2, These curves suggest
that there 1s an optimum value for K.

VIIT. Optimum Value of K

Figure 8 shows the optimum value of
K. Figure 8a, on the left, represents
relative pull-in range as a function of
K for constant values of the noise band-
width and the DC loop gain, f,. For
these values of f and f, the 1limit to
the pull-in rangeNys obtagned with high
values of Ko For K = 1, 90% of this
range is obtained, while for K = .1,
about one-quarter of this range is ob-
tained,

The pull-in range is not the real
requirement on puII-%n performance, The
real requirement 1is that for some practi-
cal selected time interval, possibly not
exceeding a Tew seconds under worst con-
ditions, pull-in shall occur for as wide
as possible a frequency range.

Figure 8b, on the r ight, shows a
clear optimum design in this regard. The
parameter A% which is plotted against K
1s equal to the pull-in time Tp in_sec=-
onds, divided by the ratio of = af? to
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fNNs. For example if the oscillator de-
tuning is A4f =1 K¢ and the nolse band-
width is 100 cycles, then A* equals
pull-in time in seconds. For this case
pull-in time cannot occur in less than

L4 seconds.

This 1imit curve applies when only
a small fraction of the pull-in range
is used. The other curves show what
happens when a large fraction of the
maximum pull-in range permitted by the
DC loop gain is used. The 1limit curve
has its lowest value at K = 1/2. How-
ever, when three-~fourths of the relative
pull-in range 1s used the curve moves
up and has a minimum near K = 1. This
means that for any pull-in time Tp,
there will be much more pull-in range
for values of K near 1 than for values
of K not near from 1. Tests have been
run in which K alone was varied., These
tests show a clear optimum where these
curves indicate it,

IX. Desi Chart
Figure 9 shows .a useful design
chart. The chart can be used to select

the best design consistent with any de-
gree of oscillator stability. The rela-
tions between & f and fo are plotted for
several different conditions,

Lines of constant slope passing
through the origin represent constant
values of phase angle, af , after pull-in
from Af in a circult having some speci-
fied fo. Values of 4% equal to 10° and
50 are shown,

The three other curves shown indi-
cate pull-in performance for a noise band-
wicth of 100 cycles and K equal to l. The
curves, from top down, represent the maxi-
mum pull-in range, and the pull-in range
obtainable for five seconds or one sec-
ond of pull-in time, It can be seen that
if five-second pull-in time is required
at 100 cps noise bandwidth with this cir-
cuit, the oscillator stability including
the effect of the reactance tube must be
held within *+ 1000 cycles.

Subjective tests have been run with
weak signals using designs having varied
noise bandwidths. Noise bandwidths up to
400 cps still provide good thermal noise
immunity. A DC loop gain of fe = 30 tc
40 Kc seems desirable. An APC loop of
this type, with a noise bandwidth of 40O
cycles, can pull in from + 2-1/2 kilo-
cycles in one second under the optimum
design condition of K = 1.

The point at which color sync noise
1s masked by video noise 1s near 100 cps.
The preferred noise bandwidth is CpS.



Conclusion

The analysis of operation and design
conditions presented for the standard APC
loop shows it can be designed to meet the
requirements of high quality automatic

color synchronization.
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TRANSLENT REESPONSE IN A COLOR CARRIER CHANNEL
WITH VESTIGIAL SIDE BAND TRANSMISSION
J.S.5. Kerr
Electronics Laboratory
General Electric Company
Syracuse, New York

Introduction

In the proposed colcr television standards
currently being field tested by members of tne
National Television Systems Committee, the color
signal consists of two parts. One of these parts
is the luminance information (this is the informa-
tion presented in a monochrome receiver), and the
other part of the color signal is the chrominance
information. The chrominance information consists
of two independent signals which modulate a sub-
carrier in quadrature., This modulated sub-carrier
is added to the luminar.ce signal at video, and
then the composite signal modulates an r.f,
carrier, If the transter functions which operate
on the signal between sub-carrier modulation and
sub-carrier detection satisfy certain conditiuns,
the two original chrominance signals may be
recovered independéntly.

In this paper, attention will be restricted
to considerations regarding the transfer of the
chrominance information to the receiver. The
results are based on the equivalent video filter
characteriitics which Nyquist derived in one of
his papers”.

Derivation of Equivalent Video
Transfer Characteristics

Let us examine first the process of modula-
tion in quadrature and passing the resultant time
function through a network with a transfer funce
tion which does not alter the side band structure,
and second, passing the same time function through
a network with a transfer function which does
alter the side band structure. In general, a
carrier, cos «jt, may be modulated by a video
function f(t), and then the resulting function
synchronously detected by multiplying it with an
auxiliary carrier, cos ax t. After the detected
signal has passed through a low pass filter which
removes the double carrier-frequency terms, only
the original function of time, f(t), will remain.
If this same modulated cos &% t carrier is syn-
chronously detected with an auxiliary sin w. t
carrier and passed through the above low pass
filter, there will be no signal output. Thus it
appears possible to modulate a carrier in quadra-
ture with two independent signals and recover
them without cross talk. However, the foregoing
assumes that the modulated carrier has passed
through a network with a transfer function which
will not affect the side bands of the carrier.
This is somewhat idealized, since transmitted
signals are always passed through filters which
affect the side bands both after modulation and
also before detection. How does this change the
situation?

Consider a case where the side bands are
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affected by a transfer function. Let a carrier,
ccs &) t, be modulated by a function of time f(t)
with a complex video spectrum K(@ ) with highest
frequency &J, . Let the resulting spectrum be
G{@). Then

G(w+w) = Gla-~w) = K(w) (1)
where the bar on top denotes complex conjugate.
Now let this spectrum, G(w ), be operated on by
the transfer function g(w ) through whicn the
modulated carrier passes before detection. Then
the resulting real function of time before detec-
tion will be given by

w &
Re I Juy-wy e
cos %L{Re WL K(w)[‘g(uc‘,w)
+g(w,_-u)] exp(jwt) du{}
1 “
+ sinw . t { Re 2_ﬁ’,£ K(w)gj[g(w‘ s
- g(“’c-“’)]exp(jwt) dw} (2)

See Figure L for a schematic diagram of the above
process. If this signal were synchronously
detected with an auxiliary carrier, cos W, t, and
passed through a low pass filter, the final
result would be the expression in the first set
of f{ . This same result would have been
obtained if the original video signal f(t) had
been passed through a video filter with a trans-
fer characteristic R{(%) where

F(t) G(w)g(w Jexp(jwt)dw

Ri(w) = [e(@+@) +gla-@)] . (3)
Also if F(t) is synchronously detected with an

auxiliary carrier, sin «}t, and the result passed
through a low pass filter, in general, there will
be some video output although originally only a
cosine carrier was modulated. This detected sig-
nal will be referred tc as the quadrature compo-
nent. A video signal identical to the quadrature
component would have been obtained if the original
video signal f(t) had been passed through a video
network with a transfer characteristic RQ(Q))
where

R(@) = 3 [e(@+w) - gl@c-@)] (1)
Thus tRe process of modulation, operation on the
modulated carrier, and synchronous detection in
quadrature may be replaced by a video network of
the form shown in Figure 2. (To be perfectly
general, synchronous detection of F(t) with a
carrier cos(w.t =~ 8) is equivalent to passing
the original video function of time f(t) through
a video network with a transfer function R(w)
where

R(w) :[8(“’.; +w)sgla -U)] cos 6
+ J[g(wa +4)-gTq ~w )]sin 6. (5)

Except for notation, this is the same result as



that obtained by Nyguist in an article on tele-
graph transmission theory~. The equivalence of
results (3) and (4) with those of Nyquist is dem-
onstrated in the Appendix’ .)

Notice that the lattice structure shown in
Figure 2 is not one of the conventional four term-
inal lattice networks widely used in circuit
theory. The connecting lines are channels. Also
the restriction is imposed, that the networks in
the boxes are unilateral.

If no cross talk is to appear between the two
channels shown in Figure 2 for a particular video
frequency w,, then it is necessary that the trans-
fer function of the quadrature component network
(RQ(w)) be zero atw =« ., Therefore,

g(wc-f(l), )=g(w¢"‘d') (6)
If no cross taik is to occur for video frequencies
from d.c. up to, say, W¢ , then the requirement
that g(«d +w) = g{wl ~@) for 0 £ W < &
is equivalent to specifying that the amplitude
and phase of the transfer characteristic must be
even and odd respectively about the carrier out to
a frequency deviation of wj.

The in-phase and quadrature video response to
any frequency w may be visualized by means of
vector diagrams such as those given in Figure 3.
The amplitudes of the component vectors are

le(«t +w)| and [g(«) -w)] . Since the conju-
gate of the transfer function for the lower side-
band is required, its phase angle is measured off
in a clockwise direction. If the amplitude of the
transfer characteristic is not even about the
carrier, then the amplitude of the quadrature will
be least when the two vectors subtract algebraic-
ally from each other. This occurs when the phase
is odd about the carrier. It might be noted that
this condition (odd phase) also gives the largest
in-phase amplitude. The largest in-phase ampli-
tude and the smallest quadrature amplitude
(occurring when the phase about the carrier is
odd) are indicated on the Ry and Ry vectors
respectively in Figure 3.

Analysis Using Equivalent Video Transfer
Characteristics

The in-phase and quadrature response to a
step input has been analyzed for a few different
vestigial side band transfer characteristics
using video transfer characteristics determined
by the method of the previous discussion. Video
low pass networks were included in all calcula-
tions. (At this point it should be mentioned
that in systems proposed by the NTSC the quadra-
ture response is eliminated either by Color Phase
Alternation or by proper video filtering.) 1In
the calculations vestigial side band filter
amplitude characteristics were assumed which might
be approached in the laboratory. Then the phase
response of these filters was determined assuming
that the networks being used were of the minimum
phase shift type“. The minimum phase of the video
networks was calculated from the analytical
expressions for the networks. Then using the
% Alternatively the intermediate steps of result
(2) may ve derived from first principles.

expressions developed earlier the equivalent
video in-phase and quadrature transfer character-
istics were determined. This was done twice;
first for linear phase, and second for minimum
phase.

Figure 4 shows the first transfer character-
istics which were analyzed. The two transfer
characteristics a and ¢ on left are for the same
vestigial side band filter which is assumed to be
flat below 3 mc. This VSB filter has a gradual
linear slope about a 3.89 mc sub-carrier and is
down 6 db at the sub-carrier. Since this analy-
8is was carried out, the proposed sub-carrier
position has been moved down to 3.58 mc. The
transfer characteristics b and d on the right are
those of the video low pass filters. Transfer
characteristic b is that of a two-stage RC low
pass filter down 6 db at .5 mc, while transfer
characteristic d is that of a two-pole Butter-
worth low pass filter down 6 db at 1 mc.

Figure 5 shows the equivalent video in-phase
and quadrature transfer characteristics of the
vestigial side band filter plus the low pass
video filters shown in Figure 4. The transfer
characteristics on the left (a and c) result from
8 linear phase analysis while those on the right
(b and d) are the result of a minimum phase analy-
sis. The characteristics at the top are for the
two-stage RC video filter, while those at the
bottom are for the two-pole Butterworth case. It
should be noted that in all cases the peak of the
quadrature amplitude characteristic, ’RQI, for min-
imum phase shift characteristics is larger and
occurs at slightly lower frequencies than for
linear phase shift characteristics. Also the in-
phase amplitude characteristic, |[Ry|, for the min-
imum phase case drops below that o} the linear
phase case (this is more noticeable in Figure §
in the two-pole Butterworth case between .25 and
.5 mc). Also notice that the quadrature amplitude
characteristic for the two-stage RC case is much
lower than that for the Butterworth case.

Figure 6 shows the transients obtained by
putting a unit step through the equivalent video
transfer characteristics shown in Figure 5. Again
the curves on the right are for minimum phase,
while those on the left are for linear phase; the
curves on the top are for the two-stage RC case
while those on the bottom are for the two-pole
Butterworth case. It may be seen that the low
cutoff video filter (two-stage RC) has a smaller
quadrature component than the higher cutoff video
filter. This might have been predicted by the
quadrature amplitude characteristics of Figure §
as pointed out earlier. Unfortunately, the use of
a lower cutoff video filter to reduce the quadra-
ture component has slowed the rise time of the in-
phase transient considerably. While the amplitude
of the quadrature component has not changed much
in going from the linear phase case to the minimum
phase case, the shape of the in-phase transient
has been materially affected.

Having seen that changing the video cutoff to
reduce the quadrature component is expensive from
the point of view of rise time, consideration will
now be given to changing the shape of the vestig-
ial side band filter while keeping a two-pole



Butterworth network for the video low pass filter.
Figure 7 shows some different shaped vestigial
side band filter amplitude characteristics. The
VSB filter shown in the top left is flat from
below 3 mc up to and beyond the sub-carrier. A
video boost network shown in the top right, b, of
Figure 7 is used in conjunction with this so that
the resulting equivalent video in-phase transfer
characteristic will be flat from dc up in the
linear phase case (before multiplying with the
Butterworth characteristic). Two different step
VSB filter characteristics are shown in the lower
left, c, of Figure 7. First consider the one with
the narrower step about the subcarrier. This
transfer characteristic has been so designed that
it gives the same equivalent video in-phase and
quadrature transfer characteristics as the flat
VSB filter with the video boost in the linear
phase cases. The wider step has been put in to
reduce the quadrature component if possible, Cer=-
tainly in the linear phase case, the amplitude of
the quadrature transfer characteristic will be
less than that of the narrow step. However, the
question arises as to how much the effect of phase
distortion will be increased when one has to make
the cutoff sharper because of the wider step.

It was found that there was an almost negli-
gible difference between the equivalent video
transfer characteristics of the narrow step and
the flat VSB filter with the video boost for the
minimum phase case even with the large percentage
bandwidth involved (they were designed to be equal
for linear phase), Therefore the transfer charac-
teristics shown at the top of Figure 8 may be con-
sidered to be for either of the two VSB filters
Just mentioned. The transfer characteristics at

the bottam of Figure 8 are those for the wide step.

As before, the characteristics for linear phase
are shown on the left, while those for minimum
phase are showh on the right.

Notice in the linear phase cases that the
quadrature transfer characteristics are almost
zero for frequencies below 200 kc. and that the
wide step has a lower quadrature characteristic
out to the frequency at which the signal is being
transmitted single side band., The in-phase char-~
acteristics in the case of linear phase are the
same as for the first Butterworth network shown.
In the minimum phase cases the effect of phase
distortion about the subcarrier on the equivalent
video transfer characteristics has now become
more important. The quadrature characteristics
start to leave zero quite rapidly near zero fre-
quency, and the in-phase characteristics have
dips in them. Notice that now the ampiitudes of
the quadrature characteristics are roughly the
same for minimum phase so that perhaps not very
much has been gained by using the wider step since
then the VSB filter has to be brought down that
much faster. with resultant increased phase distor-
tion. In addition, the dip in the in-phase char-
acteristic is much more severe in the case of the
wide step, so its in-phase transient will probably
be worse than that of the narrow step. (Actually,
the cutoff of the wide step was made even sharper
than necessary at small amplitude levels in order
to exaggerate the phase effects.)

The transients shown in Figure 9 bear out the

above analysis. In the linear phase cases the
wider step has less quadrature than the narrow
step (or flat VSB filter) while the narrow step,
in turn, has less quadrature than the sloping
VSB filter with the same video filter shown in
Figures 4, 5, and 6. In the minimum phase cases
shown in Figure 9, the quadratures are roughly
the same, but the in-phase transient of the sharp
cutoff (wide step) VSB filter has deteriorated
considerably., The shape of the transient above
.6 units will give a picture with "smear."

Conclusions

Some conclusions to be drawn from the pre-
vious examples follow. Using a lower cutoff
video filter will reduce the quadrature, but it
does not appear to be practical because of the
resultant increased rise time. Apparentiy it
makes little difference whether one uses a step
VSB filter or a flat VSB filter with a video boost
in the minimum phase case, although large percent-
age bandwidths are involved. A step VSB filter
gives less quadrature component than a sloping
VSB filter. In the minimum phase case the size
of the step should be a compromise between the
effect of the difference of the amplitudes of the
transfer function about the carrier, and that of
phase distortion due to the cutoff.

Closing Comments

In the first field test specifications of the
NTSC of November 26, 1951, the unwanted quadrature
components were cancelled out over a frame by the
use of Color Phase Alternation (CPA) which
reverses the polarity of the quadrature transient
with respect to the in-phase transient from one
field to the next. The present modified NTSC pro-
posals of January 15, 1953 eliminate the quadra-
ture components by proper filtering. The sub~-
carrier frequency has been lowered to 3.58 mc. and
advantage is taken of the decreased acuity of the
eye along certain directions in the chrominance
plane, Thus one chrominance signal is transmitted
double side band while the other signal has a
higher video cutoff and is transmitted vestigial
side band. The double side band signal contrib-
utes no quadrature component to the vestigial
side band channel if the phase angle is made odd
about the subcarrier. Although the vestigial
side band signal introduces a quadrature component
into the double side band channel, it only con-~
sists of frequency components above the cutoff of
the video filter in the double side band channel
and hence is rejected,
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Appendix I

Equivalence of Video Characteristics
With Those of Nyquist

This appendix demonstrates the equivalence
of the video transfer characteristics developed
by Nyquist and those used in this paper. Nyquist
works with the complex function Y({2) where
J2 =w-w; is a video frequency. He splits the
symmetrical and skew symmetrical parts of Y(£2)
into real and imaginary components so that by
definition

3 [1Q) + Y(-0)] = g, (2) + 3o,(2)
2 [¥2) - 1(-2)] = g,(2) + 3,(0)
The present paper works with the complex transfer

function g{w ) throughout and, incidentally,
measures the argument from the frequency origin

instead of from the carrier frequency W .
Thus
glw) = glw. +2) = Y(41)

The equivalent video transfer characteristic
given by Nyquist for cosine detection is

g1(2)+3by(12) = 4] Re [¥()43(-2)]
+ 3im [¥02)-1(-2)] }
= 4 [1(0)+ 7))
= 4 [e(w sD el -m)]

The equivalent video transfer characteristic
given by Nyquist for sine detection is

3[40y ()]

3 { re [x()-1(-2))
#31n [1(2)e7(-2)] }

= # [v()-Tem)]

S ‘21 [g(“k + )-mﬂ.

<b1(2)+3gx() =

G (W) QIWI—+F(t)

f (1) —»K{w) MOOULATOR Glw)
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Fig. 1 - Schematic diagram showing signal path.
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TRANSIENTS IN COLOR TELEVISION

Paul W. Howells
Electronics Laboratory
General Electric Company
Syracuse, New York

Introduction

The main difference between monochrome and
color television lies in the amount of infor-
mation needed to specify an element of the
picture being transmitted. In monochrome trans-
missions, the picture element is completely
specified when we know its luminance. In color
transmissions, the picture element is completely
specified when we know three quantities, such as
the amounts of three primary lights required to
match its color. Thus, we may say that in mono-
chrome television the information transmitted is
the location of each picture element on a one=-
dimensional luminance scale while in color the
information transmitted is the location of each
picture element in a three-dimensional color
space. (These statements ignore the information,
carried by the line and field sync signals, about
the spatial location of a picture element in the
complete picture.)

In understanding the behavior of a color
system, this concept (that the color signal
specifies the location of a picture element in
color space) is a very useful one. In fact, it
does not require a great stretch of the imagi-
nation to speak of the location of the electrical
signal itself in color space. This idea is re-
spectable because the electrical signals at any
point in the system are related to colorimetric
quantities through transformations occurring at
the transmitter and receiver. To the designer of
color equipment, the conversion factor relating a
colorimetric quantity to its electrical counter-
part is important. For general analysis, however,
it is usually not important to distinguish, either
by the inclusion of conversion factors or by the
use of different symbols, between colorimetric
quantities and the electrical signals repre-
senting them. This paper will, therefore, use
colorimetric symbols for both. It should be
clear from context which usage is intended.

Using the: concept of electrical signals in
color space, the operation of the color system
might be described as follows: The camera, in
scanning the scene, makes a colorimetric analysis
of the picture element under scan and produces
three output voltages. Let us say that the
camera is so designed that these three voltages
represent the amounts of the NTSC Panel 7 prima-
ries, R, G, and B. These voltages determine a
point in color space, the camera color point.
the process of coding the color signals for
transmission, the R, G, B voltages undergo a
linear transformation which produces three re-
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lated voltages representing the amounts of the
NTSC transmission primaries Y, (R-Y), and (B-Y).
(Let us ignore gamma precorrection for the time
being.) These transmission primary voltages
still determine the location of the camera color
point, but in terms of a different set of car-
tesian axes in the RGB color space.

Between the point at which they are formed
and where they are recovered in the receiver, the
transmission primary signals undergo the usual
difficulties with noise and interference, and the
different bandwidth limitations necessary for
simultaneous transmission through the 6 mc.
channel. At the receiver, an inverse transfor-
mation is performed on the transmission primary
voltages to regain the Panel 7 primary voltages
R, G, B, for application to the tricolor display.

The transmission primary signals (or the R,
G, B signals) at the receiver determine the lo-
cation of the receiver color point in color space.
For perfect reproduction, this receiver color
point should coincide with the camera color point.
In practice, the system should be so designed
that the colorimetric deviations of the receiver
color point from the camera color point due to
noise, interference, and band limiting are such
as to produce the least perceptible effect in the
picture.

The Color Transient

As the color camera scans the scene, the
scanning aperture encounters areas of different
color, and the camera color point responds by
moving about through the color space. As long as
its motions are not too rapid, the receiver color
point is able to follow them exactly. However,
when the scanning aperture crosses a boundary
between areas of different color, the camera color
point may change position too rapidly for the re-
ceiver color point to follow. Since the trans-
mission primary signals have different bandwidths,
the path taken by the receiver color point in
response to this shock is a complex one. Being
able to move more rapidly in some directions than
in others through the color space, it traces out
a curving path having several more or less abrupt
changes in direction. This three-dimensional
path through color space, plotted as a function
of time, may be called the transient response of
the color system. It is analogous to the curve
of luminance versus time which represents the
overall transient response of a monochrome
system and, in a similar way, its shape affects
the appearance of transitions in the color picture.



Given the transient responses of the indi-
vidual signal channels, it is the purpose of this
paper to develop means of determining the color
transient response of the system. Such a four-
dimensional figure is difficult to display as a
whole, so, for convenience, it will be analyzed
into its component luminance and chromaticity
transients.

Red—Green-Blue Color Space

The color transient response of the system
currently being field tested by the NT3C is most
easily visualized in an RGB color space, i.z.,
one having cartesian coordinate axes representing
the amounts of the red, green, and blue primaries.
This is true because in this system the signals
represent. either these primaries, or colorimetriec
quantities which are simply related to them.
Pertinent characteristics of this color space are:
first, all color points of the same luminance lie
in a plane, and second, all points of the same
chromaticity lie on a line passing through the
origin. The unit amounts of the primaries are so
chosen that an equal number of units of the three
primaries are required to form an Illuminant C
white. In this space, then, the illuminant C
vector is the line making equal angles with the
R, G, B, coordinate axes. Since unit amounts of
the Panel 7 R, G, B, primaries have luminances of
0.299, 0.587, and 0.1ll4 respectively, the total
luminance of a color mixture is given by the ex-
pression:

Y= .299R 4 .587G 4 14 B (1)

Planes of constant luminance are obtained by
setting Y equal to a constant in this expression.
Such a‘'plane of constant luminance in RGB space
is shown in Figure 1.

NTSC Transmission Primaries

For present tricolor displays, a color is
most conveniently described in terms of the red,
green, and blue primary lights needed to produce
it. However, a considerably better match between
the transmission system capabilities and the re-
quirements of the observer'!s eye is achieved when
the color signal as transmitted is resolved along
axes corresponding to primaries other than R, G,
and B. For this purpose, the color signal is
resolved into a luminance and a chrominance com=
ponent. (Chrominance is a two-dimensional vector
quantity which affects chromaticity but not lumi-
nance. It is defined as the colorimetric differ-
ence between the color in question and an illumi-
nant C white of the same luminance.) Chrominance
information is transmitted by the color subcarrier,
the magnitude of the subcarrier being related to
the length and its_phase to the direction of the
chrominance vectorl. The chrominance vector does
not produce amplitude and phase modulation of the
color subcarrier directly; instead it is resolved
into components lying along two "color differ-
ence" axes to obtain color difference signals
(R-Y) and (B-Y) which independently modulate the

color subcarrier in quadrature.

Figure 1 shows the location of the NTSC
transmission primary axes in RGB color space.
The luminance (Y) axis lies along the illuminant
C vector, i.e., it is utilized at the receiver to
produce an illuminant C picture of the proper
luminance. The chrominance vector and the two
color-difference axes, (R-Y) and (B-Y), lie in a
plane of constant luminance in the RGB space and
have their origin on the illuminant C vector.
This means that when the color being transmitted
is illuminant C, the chrominance signal is zero.
When the color is other than illuminant C, the
luminance signal establishes an illuminant C
picture of the correct luminance, and addition of
the chrominance signal moves the color point from
illuminant C to the correct chromaticity without
changing the luminance.

From considerations of noise and maximum
demand, the two color difference signals are not
given equal weight. In terms of actual voltage
of the subcarrier produced, the two components of
the chrominance signal are:

5 = leuf ()
and
B-Y
SB = _2?(-)—3- (3)

Transformation of color data from the RGB to
the NTSC coordinate system is performed by the
linear matrices:

P

Sg 615 - .515 - .100] [R
299 587 a4 |G| (&)
Sp = 147 - 289 + .436| [ B

L ~d —

and

R M 1.14 1 0] (
-39 Y| (5)

2.03 || s
- B

- 581 1

B 0 1
L ]

-

The theory of such color coordinate transfor-
mations has been set forth in some detail by
Bingleyl.

Subcarrier Transients

An important part of the overall transient
response of the color system is the transient
response of the color subcarrier itself. Two
types of transmission will be considered:

(1) The case where both components of the
chrominance signal are transmitted in a vestigial
sideband fashion with the result that the quadra-
ture component of the Sp signal is detected in
the Sg channel, and vice versa.
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(2) The case where the color difference signal
requiring the least bandwidth for good subjective
quality of the image is restricted in bandwidth so
that it may be transmitted as a double-sideband
signal. Quadrature components in both color
difference signals may be eliminated by this
scheme, since both signals are double-sideband
over the frequency band they share2. [This system
has been called the acuity matching system, since
the bandwidths of the three color signals are so
proportioned as to match the acuity of the eye./

Subcarrier Transient Path - Case 1

Let us assume that at a color transient the
camera color point changes its position in the
subcarrier (Sg, Sg) plane, moving H units along a
line making the angle 6 with the Sg axis. This
change in position is so rapid that for the sub-
carrier channel it amounts to a perfect step
input. The center of the step is located at point
(Cr, CB). A sketch of this transient is shown in
Figure 2(a). The signals applied to the Sg and
Sp channels are the components of this step re-
solved along the Sp and Sp axes, i.e., H sin ©
and H cos 8. As has been shown by Kerr3, these
signals are detected at the receiver as though
they had been passed through the network shown in
Figure 2(b). Since the two channels are identical
in this case, we may call I(t) the in-phase unit
step response of either channel and Q(t) the
quadrature unit step response. The two signals
detected at the receiver are therefore:

Sp = Cp 4 H sin @ I(t) + H cos 0 Q(t) (6)

Sp = Cp + Hcos © I(t) - H sin 6 Q(t) 7)

Equations (6) and (7) are the parametric
equations for the transient path of the receiver
color point in the subcarrier plane. These e-
quations are simplified if we translate the axes
to the center of the transient and then rotate
them 6° to line them up with the direction of the
transient. Translation of the axes to the point
(Cr, Cp) changes equations (6) and (7) to:

(8)
(9)

sR' = H sin © I(t) 4 H cos 8 Q(t)
L}
Sp

To rotate the axes by 6°, we use the transfor-
mation equations:

SR" = SR' cos 6 - SB' sin ©

SB" = SR' sin 8 ¢ SB' cos 6
which reduce equations (8) and (9) to
g = HQt)

an H I(t)

Equations (10) and (11) show that the shape
of this subcarrier transient path at the receiver
is always the same, regardless of its angle or

= H cos ® I(t) - H sin 6 Q(t)

(10)

)
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the location of its center point. The position
of the receiver color point in the direction of
the transient is given by H I(t) while its ex-
cursion to the side is given by H Q(t).

Figure 2(c) shows a subcarrier transient for
a case analyzed by Kerr3. The conditions are
1 mc. bandwidth for each color difference signal,
3.89 mc. subcarrier, step-type vestigial sideband
filter, and linear phase. If the transient
occurs in the opposite direction, or if color
phase alternation is used, the sign of the quadra-
ture component is reversed and the transient path
is reversed about the line between its end points,
as shown by the dotted lines in Figure 2(d). The
timing dots shown on the transient path are 1/8
microsecond apart (approximately the rise time of
the luminance transient).

Subcarrier Transient Path - Case 2

In the acuity matching system, currently
being field tested by the NTSC, the color sub-
carrier frequency is reduced to 3.58 mc. and one
of the color difference signals is restricted to
0.5 mc. bandwidth so that it may be transmitted
as a double sideband signal. The other color
difference signal is allowed a bandwidth of 1.5
mce. and is transmitted as a vestigial sideband
signal. With proper design of the transmission
path, quadrature components in both the Sp and Sp
signals as detected may be eliminated.

Good results may be obtained by making Sy the
vestigial sideband component of the subcarrier.
However, it has been found4 that greater sub-
Jective sharpness of some color transients is
obtained when the vestigial sideband component
(Sy) and the double sideband component (Sp) are
located 33° in advance of the phase of the and
Sp components of the subcarrier, respectively.

Figure 3 shows a typical shape for the sub-
carrier transient path of the acuity matching
system. The camera color point (Figure 3a) jumps
H units along a line making the angle 6 with the
Sp axis, so the heights of the steps applied to
the and Sp channels are H sin 6 and H cos 6.
Let the unit step responses of the Sy and Sp
channels (Figure 3b) be Iy(t) and IDYt)

(Figure 3c). Since there 1is no quadrature re-
sponse between the color difference channels in
this system, the two signals detected at the re-
ceiver, neglecting the DC terms, are simply:

Sy = Hsin @ L(t) (12)

and

Sy = Hcos 8 ID(t) o (13)

Figures 3c and 3d show the S-shaped transiemt
path parametrically determined by equations (12)
and (13). The S-shape is characteristic of a
system having a higher speed of response in one
direction than in the other. Unlike the transient
path of Case 1, the shape of this transient doses
depend upon the angle it makes with the Sp axis.



For instance, when © = 0° the path is a straight
line parallel to the axis and when 6 = 90°
the path is a straight line parallel to the Sy
axis. When © becomes greater than 90°, the curve
again has an S-shape, but the S is reversed.
Reversal of the direction of the transient,
however, does not reverse the S—curve.

Complete Color Transient

The complete color transient path is the
result of both the chrominance transient response
Just described and the luminance transient re-
sponse. If the luminance signal remains constant,
the chrominance transient takes place entirely in
the corresponding plane of constant luminance.
If, however, at some value of chrominance, we
vary the luminance, the color point moves along
a straight line parallel to the illuminant C
vector. This means that the chrominance transient
alone specifies, not a line path in RGB space,
but a surface generated by moving a line parallel
to the illuminant C vector through the chrominance
transient path plotted in any plane of constant
luminance. The complete color transient follows
this surface at a height above the zero luminance
plane specified by the luminance signal. Figure
L, shows a typical shape for a color transient
path through RGB color space. The transient
starts at a somewhat de-saturated green of high
luminance (upper luminance plane) and ends at a
saturated magenta of lower luminance (lower
luminance plane). The subcarrier transient is
the S—-curve type shown in Figure 3, so the
chrominance component of the transient is de-~
scribed by the S-shaped surface. At the start
of the transient, the luminance signal remains
at its initial value for a time, allowing the
color point to follow the subcarrier transient
path in the upper luminance plane. Near the
center of the transient, the luminance transient
begins dropping the color point rapidly in the
illuminant C direction to the lower luminance
plane. Here it continues its more leisurely
progress along the remainder of the subcarrier
transient path.

In appearance, this color transient con-
sists of a sharp luminance transition about which
are centered two successively less sharp chromi-
nance transitions in the and directions.
At normal viewing distance, the subjective
sharpness of the complete transition approaches
that of the luminance transition alone. Although
the SR component of the chrominance transient is
considerably less sharp than either the Sy com-
ponent or the luminance transient, the resultant
chromaticity error at the transition occupies
such a small area and has such colorimetric
quality that its visibility is extremely low.
For normal color pictures, rather close in-
spection is necessary to distinguish between
such a picture and one in which the color signals
have been transmitted at full bandwidth.
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The Effects of Gamma Precorrection

In the preceding discussion, the assumption
has been made that the electrical signals are
linearly related to the colorimetric quantities
they represent. In a practical system, this is
not the case. The color display device has an
approximately exponential transfer characteristic
with an exponent of Y. The correct primary
signals for this tube, then, are not R, G, and B,

but
'z RYY
¢' = oY
and
p' = pM/Y
(Note: Expressions involving electrical or

colorimetric quantities in non-linear relation-
ships may not be dimensionally correct unless
supplied with the proper conversion factors.
These conversion factors are omitted in the
interest of brevity.)

Precorrection of the R, G, and B primary
signals for the non-linear characteristic of the
cathode ray tube is performed at the transmitter.
Subsequent linear operations to convert these
gamma corrected signals to the transmission
signals and, at the receiver, to convert them
back, are performed exactly the same as in the
linear case (Equations (4) and (5)). Where the
transmission primary signals are formed in this
way from gamma corrected primary signals, they
are primed to indicate this fact.

It is interesting to see what the subcarrier
surface in RGB space becomes when gamma precor-
rection is introduced. The expression for the
luninance signal then is:

Y' = 299 R' ¢ .587 ¢' 4 .114 B' ()

A subcarrier surface is the surface obtained by
setting the luminance signal, Y', equal to some
constant. It is obvious that this is no longer
the expression for a luminance plane. At the
illuminant C point, this surface is tangent to
the luminance plane, but with increasing satu-
ration it tends to depart more and more from this
plane in the direction of increasing luminance.
A sketch of this subcarrier surface in RGB space
is shown in Figur? 5. The lines describing the
surface are the Sg, Sg grid. In dotted lines
underneath the subcarrier surface is shown the
constant luminance plane to which the surface is
tangent at illuminant C.

An important effect of this warping of the
subcarrier surface is the fact that the trans-
mitted signals are no longer completely separated
into luminance and chrominance packages. At
illuminant C, and for moderate saturations, the



subcarrier does carry a good approximation to
chrominance information, but at high degrees of
saturation, its effect on luminance may become
important, and its effect on chromaticity reduced.
This effect of the subcarrier signal on luminance
makes the control of subcarrier transients
somewhat more important than it would be in a
linear system.

Luminance Factor Map of Subcarrier Surface

When gamma precorrection is performed at the
transmitter, the Sg, S, Y coordinate system is
warped into a set of curved lines running through
RGB color space. Determination of the luminance
and chromaticity of the receiver color point,
given the values of S, S§ and Y', is, therefore,
a laborious process. However, it can be simpli-
fied by mapping the color space to show the effect
of these quantities on luminance and chromaticity.
Such maps can be made in terms of the normalized
coordinates Sh/Y' and Sp/Y.

Figure 6 shows the contribution of the color
subcarrier to the luminance of the receiver color
point. The subcarrier luminance factor, Kg, is
the ratio of the actual (correct) luminance of the
receiver color point to that part of its luminance
produced by the luminance signal alone. For ex-
ample, where Ks = 2, the luminance signal con-
tributes only half of the total luminance, while
the color subcarrier contributes the other half.
When the values of Kg and the luminance signal,
Y', are known, the luminance of the receiver color
point may be determined from the expression,

(see Appendix I),

Y = Kg s (15)
Figure 6 may be considered as a luminance
contour map of the subcarrier surface of Figure 5.
Assuming that this surface is tangent to the Y =1
plane at illuminant C, the contours for the differ-

ent values of Kg correspond to its intersections
with planes of higher luminance. The value of
luminance at each contour is in this case equal to
the value of Kg.

The subcarrier luminance factor, Kg, is re-
lated to the chromaticity factor, K, introduced
by Applebaum?. One is the inverse of the other.
Since they are evaluated in different coordinate
systems, however, a derivation of the expression
used to evaluate Kg is given in Appendix 1.

Chromaticity Map of Normalized Subcarrier Surface

Figure 7 shows how the coordinate lines of
the chromaticity diagram appear in the normalized
subcarrier surface. The family of solid lines
correspond to constant values of y while the
dotted lines represent constant values of x.

The reason for the warping of this chroma-
ticity grid will be better understood if we
visualize how it is obtained. In RGB space, we
construct the unit plane X $ Y + 2 = 1 and on it

28

draw the grid of lines x = const, y = const.
Then we project this grid onto the bowl-shaped
subcarrier surface, projecting from the origin.
Near the illuminant C point, the subcarrier
surface is nearly parallel to the unit plane, so
not much distortion of the chromaticity grid
results, but as we approach the edges of the calar
triangle we are projecting to a surface which has
turned nearly parallel to the direction of pro-
jection. In these regions, the chromaticity grid
is greatly expanded.

The expressions relating x and y to Sj/Y’,

and SE';/Y' are derived in Appendix 2.

Evaluation of Transients

To evaluate the complete color transient
response of the system, two questions must be
answered:

First, assuming the transient responses of
the individual signal channels are known, how
does the receiver color point move through color
space in response to a sudden jump in position of
the camera color point, and

Second, given this path through color space,
what are the resulting chromaticity and luminance
transients?

The answer to the first question is given by
Figures 2 and 3. These show the subcarrier
transient paths resulting from two different
methods of transmitting the color subcarrier. For
a system having different transfer characteristics
than those assumed, the subcarrier transient path
may be determined by the same methods. Then, if
the transient response of the luminance (Y')
channel is known, the transient path in the
normalized subcarrier diagram (Sﬁ/!', S,';/Y') may
readily be plotted.

We may then proceed to the second question
with the aid of Figures 6 and 7. If we plot the
normalized subcarrier transient path in Figure 6,
we may read off the values of the luminance facton
Kg, which, together with the actual luminance
signal, Y', give us the value of the luminance, Y,
reproduced by the receiver. (See equation (15).)
The same transient, plotted in Figure 7, enables
us to read off directly the values of chromaticity
occurring during the transient.

Specifically, the method of determining a
color transient, given'its end points, is as
follows:

If end points are (x; y Yl) and (x2 Yo Yz)-

(a) Plot end points on chromaticity diagram
of Figure 7 and read off the r}ormalized color

difference values S}"/Y', SB/Y , corresponding to
these end pointse.

(b) Plot these end points on the luminance
factor diagram of Figure 6 and read off the sub-



carrier luminance factors Ks; and K52 for the
end points.

(¢) Compute the values of Y' for the end
points, by substituting the values of Kg and Y
into equation (15). Use these values, together
with the values of S§/Y , SB/Y' [step (a)i, to
d teryine the end points of the transient in the
Sp» SB» subcarrier surface.

(d) Using the subcarrier transient path
shapes of Figures 2 or 3, plot the subcarrier
transient between the end points determined in
(e).

(e) Transfer the subcarrier transient to
the normalized subcarrier surface by dividing
the coordinates of each timing dot by the corre-
sponding value of Y'. Since the interval
between timing dots shown on the subcarrier
transients of Figures 2 and 3 is equal to the
rise time of the luminance transient, Y' is near
its initial value up to the time t = -l/2 inter-
val, and its final value at any time later than
t = 41/2 interval. At t ®= O, the value of Y' is
the mean of its initial and final values.

(f) Plot the normalized subcarrier transient
in Figure 7, and read off the values of x and y
corresponding to each time point. These determire
the chromaticity transient.

(g) Plot the normalized subcarrier transient
in Figure 6 and read off the values of Kg for
each time point. These values, together with the
corresponding values of Y' may be substituted
into equation (15) to determine the luminance
transient.

Analysis of Color Transients

Using the method outlined, specific color
transient responses may be evaluated for any case
in which the transient responses of the individu-
al signal channels are known. Several transients
have been so evaluated for the two systems previ-
ously described:

Case 1, the case where both color difference
signals are allowed 1 mc. bandwidth and modulate
a 3.89 mc. subcarrier, and

Case 2, where one color difference signal
is restricted to 0.5 mc., the other is allotted
1.5 mc. bandwidth, and both modulate a 3.58 mc.
subcarrier.

In Case 1, both color difference signals
have a short rise-time but each contributes a
sluggish quadrature component to the other. In
Case 2, the system currently under field test by
the NTSC, these quadrature components have been
eliminated. The rise time of one of the color
difference signals has been decreased, while
that of the other is increased.

For comparison of the systems, two main
types of color transient are shown: transients
from saturated colors to de-saturated colors,
and transients between saturated colors. The

first type cuts across the constant luminance
contours of the subcarrier surface (Figure 6)
while the second type runs more or less along
these contours. The effect of the quadrature
component of Case 1 is quite different in these
two instances.

Figures 8 and 9 show the transient responses
with Case 2 and Case 1 transmission, respective-
ly, for the transitions from a saturated color
to a flesh color. In the chromaticity transients,
the timing dots are spaced at intervals of 1/8
microsecond. The crosses on the transient path
indicate the start and finish of the luminance
transient.

The chromaticity transients for Case 2
(Figure 8) show how this system takes advantage
of the color perception characteristics of the
eye. McAdam's datad on equally noticeable
chromaticity differences at constant luminance
indicate that in the central region of the
chromaticity diagram the direction of minimum
perceptibility lies more nearly along the y than
the x axis. Note how, for all three transients,
the relatively slow approach to (or departure
from) flesh color is made in this direction of
low sensitivity. This feature enhances the
subjective sharpness of these transients. If we
assume that, for the small area of the color
transition involved, a change in y of 0.03 is
just perceptible, we see that the elapsed time
from the center of the transient to its end at a
chromaticity not noticeably different from flesh
color is 2 units of time for the transient from
red, and four units each for green and blue.

The chromaticity transient of Figure 9 shows
the response of the Case 1 system to the transiemt
from flesh color to red. The dotted curve shows
the path taken when the transition occurs in the
reverse direction, (or the path taken on odd
fields when color phase alternation is used).

Note here that from the center of the
transient to the final chromaticity, three units
of time have elapsed, but that the color point
overshoots by a perceptible amount and does not
return until after six units of time. This
overshoot is produced by the trailing negative
peak of the quadrature component. Depending on
the direction of the line between the end points
of the transient, the overshoot of Case 1 may
occur in any direction; not necessarily in the
direction of least perceptibility.

The luminance transients shown in Figures 8
and 9 show a minor contribution from the sub-
carrier transient. A small leading white and
trailing black may be seen in all four transients
due to this effect.

Figure 10 shows, for Case 2, a transient
between a fairly saturated red and blue, in which
the subcarrier transient exerts a greater effect
on the luminance transient. In actual color



pictures, such a transition would rarely occur,
but it is included to show an interesting differ-
ence between the two systems. The chromaticity
transient in this case is very good; the elapsed
time from the center of the transient to either
end is only two units of time. The luminance
transient, however, shows an appreciable antici-
patory drop contributed by the subcarrier
transient. The effect appears as though it had
been produced by phase distortion.

Figure 11 shows the response of the system
of Case 1 to the same input transient. Here the
effect of the subcarrier transient on luminance
is pronounced. The reason is this: the di-
rection of this transient is along the luminance
contour lines of the subcarrier surface (Figure$)
so the excursion to the side produced by the
quadrature component is across these contour
lines in a direction affecting luminance. The
impress of the quadrature component waveform on
the luminance transient is clearly seen, Note
that the two luminance transients (affected by
quadrature components of opposite sign) cross at
the instant at which the quadrature component is
2€ro.

Conclusions

Comparison of the color transients resulting
from the two methods of transmitting the chromi-
nance information yields some interesting con-
clusions. In Case 2, the reduction in bandwidth
of one color difference signal has actually re-
sulted in greater sharpness of the chromaticity
transients as well as in a cleaner luminance
transient for transitions between saturated
colors. Both of these results are due to the
elimination of the quadrature components. When
a strong quadrature component is present, its
effect on luminance and chromaticity is such as
to require its cancellation by means of color
phase alternation. This feature is not necessary
in a system where quadrature components have been
eliminated by proper filtering as in Case 2.

While tentative conclusions may be drawn
directly from a knowledge of the color transient
path, its final evaluation must be made sub-
jectively. This may be done either by direct
experiment with a color system or by reference
to data on color perception, such as have been
published by McAdamb. The final test is, of
course, the appearance of color transitions in
an actual color television .picture. The excel-
lent results which have been obtained with the
relatively simple system of Case 2 are the most
convincing evidence so far of the quality of the
color transient response of this system.

APPENDIX I

Luminance Factor Map of Subcarrier Surface

The concave subcarrier surface shown in
Figure 5 is the surface obtained by setting the
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luminance (Y ) signal equal to some constant.
The gamma precorrected primary signals R', G', B'
which are applied to the display device of the
receiver are then obtained from the transmission
primary signals by means of the linear transfor-
mation of equation (5)

)

R 1.1 1 0 Sp
¢'| = | =581 1 -39 [ Y'
B! 0 1 2.03 | [ sy (5)

Given these input voltages, the display device
produces Panel 7 primary lights R, G, and B
proportional to the Yth power of R' , G' and B'.
The total luminance {Y) on the screen of the
display device is obtained by adding the primary
lights, each weighted by the proper luminosity
coefficient. That is:

Y = 0.299 R ¢ 0.587 G 4+ 0.114 B
= 0.299®R')T 4 0.587(G")" 4 0.114(8")Y

Substituting the values of R', G' anda B'
obtained from equation (5), we obtain

Y = 0.299 (1.14 Sp + )Y
) ]
+ 0.587 (-.581 sI'i +Y - .39 Sp
o1 (X 4 2.03 83)7

)Y

If we divide both sides of this equation by
Y'Y, we obtain the expression

Y/ = 299 (L /Y +1)Y
+ .587 (-.58L Sp/Y' 1 -394 S{JY')Y

Foollh (L4203 /)7 . (16)
We may write this as '
/Y'Y = Kg (15)

where Kg is a factor dependent only on the
normalized subcarrier voltages Sp/Y', and SB/Y .
Kg is the ratio of the reproduced luminance to
the Yth power of the luminance signal, assuming
that all constarks of proportionality between
electrical and colorimetric quantities are unity.
The luminance factor contours of Figure 6 were
obtained by evaluating the right-hand side of
equation (16) for a number of values of Sf/Y'

and SB/Y .

APPENDIX 2

Chromaticity Map of Subcarrier Surface

The relation between the Panel 7 primaries
and the CIE non-physical grimaries is given by
the linear transformation:

R 1.91  -0.532 -0.288 X
G| = | -0.985 1.999 -0.028 Y
B 0.058 -0.118 0.898 z | 7)



Since the chromaticity coordinates are given by

= X = I and z = S —
X"X3Y+z Y X+Y+z X+Y+2

where x + y 4z =1,
we may substitute into equation (17) the values

x=%Xy z=%y z=u‘;’ Y

obtaining

R 1.91  -0.532 -0.288 ’y—‘
G|l= Y| -0.985 1.999 -0.028|| 1
B 0.058 -0.118  0.898 1';"

(18)

The coefficients of the matrix are the same as
in equation (17).

From equation (5), we may write the amounts
of the Panel 7 primary lights at the receiver as

Y @4 2. sy 19)

R
and

B=YY (1¢2.03syr) (20)

Equating the values of R and B given by equations
(19) and (20) to those given b¥ equation (18),
Y

and solving for Sﬁ/Y' and SB/ yields
' v
;"} :[% Y'LY (1.530 x - 0,170 y = 0.201)] -0.877
(21)
Sl
FB = [% T?'“? (=0.120x - 0145y 4-0.128)] 1/7-0.1.93

(22)

¥ AXIS
(e @

Fig. 1
Transmission primary axes in RGB color space.
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Note that the factor (Y/Y'Y) in the above ex~
pressions is simply Kg. Since contours of this
factor in the chromaticity diagram have been
evaluated by Applebaum’ and Livingston?, work
may be saved by reference to their data. Figure
7 was plotted using equations (21) and (22).
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PROBABILITY DISTRIBUTION MEASUREMENTS

OF TELEVISION SIGNALS

William F. Schreiber

Cruft Laboratory, Harvard University

Cambridge, Massachusetts

Surmary

A method is described of obtaining an
upper bound on the information content of
television signals by means of measuring
the second-order probability distribution
of video signals, Apparatus for generat-
ing the signals and presenting the distpi-
butions on an oscilloscope was built. The
information content of four subjects was
measured and found to runge from .24 to
1.88 bits in u 32-level system,

Theoretical Preliminaries1

If a messuge is made up from an salpha-
bet of s characters or symbols, each one
of which is independent of its neighbors,
then the information per symbol 1is

s

= Z p(i)log p(1)
1=1

H (1)

If now we consider messages constructed
from the same alphabet as above, but having
successive symbols dependent, the informa-
tion is reduced considerably. If pj(J) is
the probability of the jth symbol occurring

th 3
after the ith, then_%pi(J) log py(J) is
=

the informatlon carried by the next symbol
after the 1th and by averaging over all
the i's, we arrive at the average informa-
tion conveyed by a symbol when the previows
one 1s known:

H= - & p(1,)) log py(d) (2)

i,i=1
Note that p(i,j), the probability of the
occurrence of the ith and the j'0D symbol

in a pair, 1s equal to p(1)p,(J).

If statistical influence extends over
more than two successive symbols, as 1is
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often the case, a similar formula holds
but 1 then means not the ith symbol, but
the ith state, which defines the entire
pasSt of the messuage having a statistical
influence on the next symbol. The index
1 1s then swmed over all possible states

A striking characteristic of the
formula for information content 1is that
H 1s largerwhen the pj(J) are more equal
and H is smaller when the pj(Jj) are less
equal. In the one extreme case of all
the pj(J) beilng equal to 1/s, H = log s
while in the other extreme case of some
one pj(J) = 1, all the others being
zero, H = 0,

Application to Television

Pictures are transmitted electri-
cally by dividing them into a multitude
of tiny elementary areas, measuring the
brightness of each area, and transmitting
the brightnesses in rapid succession.
Within limits, the larger the number of
elementarx areas, and the larger the
"alphabet" of allowable brightnesses,the
more like the original will the repro-
duced picture seem.

The present television system pro-
vides the channel capacity to transmit
50 symbols per second for each elementary
area. Furthermore, each of these sym-
bols may be completely independent of the
others, We could, for example, transmit
a random signal derived from a picture in
which the brightness of each elementary
area was unrelated to the brightness of
the other areas and in which each -of the
thirty pictures per second was unrelated
to each of the others. 1In fact, however,
the pictures which are transmitted are
not like that at all, The nature of a
meaningful picture is that, for the most
part, each area is very much like 1its
neighbors, If it were not, the picture
would not look like anything. 1In
addition, in order to produce the




illusion of continuous motion, each entire
plcture must be very much llke the pre-
vious one. If thirty completely pictures
were transmitted each second, the human ob-
server would not comprehend them.

This strong correlation between succes-
sive symbols, symbols separated by the
line duration, and symbols separated by
the frame duration, has the effect of re-
ducing the information of the video sig-
nal, This can be seen by reference to
(2), since high correlation means that
some of the pji(J) (1 near j,indicating
little chunge) will be large, while most
of the pi{(J) (1 not near J, indicating a
large change) will be small,

The first step of a long-range program
ailmed at lmproving the transmission effi-
clency of television, then, is to deter-
mine Just what the information reduction
is, If it 1is sizeable, then it will be
worth while to proceed to the next step,
which 1s to devise new systems of higher
efficlency.

Which Parameter to Measure

The purpose of this research was to
obtain statistical information about the
kind of pictures which are transmittable
by electrical means, The complete statis-
tical description of a signal is the joint
amplitude probability distribution of n
successive symbols, where n is at least
as high as the range of statistical in-
fluence in the signal. By range of in-
fluence ‘'we mean the symbol separation
beyond which knowledge of one of the sym-
bols tells us "almost" nothing about the
other symbol. As an example, in the
English language it 1s saild that statis-
tical influence extends over about eight
letters, and hence a knowledge of the
eighth-order probability distribution,
i.e., the probability of combinations
such as "ATIONALS" or "XPQTZSPO," would
enable us to find out everything about
the language that could be found out, at
least on a probability basis. We might
calculate the informatlon content of the
language, which would permit us to state
the maximum efficiency of any possible
code, and we could also calculate the
efficiency of any particular code.

In television the range of influence
in any direction 1is at least one-quarter
of the plcture size, or some eighty sym-
bols. If we are considering pictures
with thirty-two brightness levels, then
a table with 3280 (or about 10120) entries
would be required to write down the dis-
tribution, It can readily be seen that
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this is not the way to go about the prob-
lem, It is necessury instead to use

some less exact but more economical pro-
cedure, ther workers in this fleld
(Kretzmer< at Bell Telephone Laboratories,
Ellas at Harvard, Kohlenberg and Cheatham
at Boston Unlversity, and presumably
others) have measured the correlation
function of pictures, It was declded to
measure the joint probability density of
two symbols, spacedapart by any amount

in any direction. This parameter, which
is intermediate both in complexity and
usefulness between the complete probabi-
1ity description and the correlation
function, requires, for a th%rty-two
level picture, a table of 32¢ (= 1024)
entries for each measurement., Usually,
five different separations were used for
each plcture,

One thing that can be done with t he
parameter measured 1s to compute an
upper bound on the information content
of the signal. Such a computation can
also be performed by using the correla-
tion function, but since the second-
order probability density intrinsically
contains more statistics than the cor-
relation function, the bound computed
ought to be a better one,

Knowledge of pi(J) enables an exact
computation to be made of Hx(y), which
is the information generated by the
transmission of one symbol (y) when a
previous symbol (x) is known, If cor-
relation in the signal extends no fur-
ther than the pair x and y, then Hx(y)
is the true information content of the
signal, If correlation extends further,
then Hx(y) is an upper bound on the true
information content. This comes about
because in the case of long-range cor-
relation, the second-order distribution
which is measured must be an average of
all the second-order marginal distribu-
tions of the higher-order distribution
which is the complete statistical
description of the signal, Elias proves
(Ph.D Thesis, Harvard University, 1950)
that the entropy of an average distri-
bution is equal to or larger than the
entropy which i1s the average of the en-
troples of the separate distributions,
the equality holding if the higher-order
distribution can be obtained from the
lower-order distribution, This can be
seen physically as well, since If long-
range correlation exists, knowledge of a
number of previous symbols tells us more
about the present symbol than knowledge
of just one previous symbol, and hence
the information conveyed by the present



one must be reduced,

The correlation function, on the
other hand, supplies an upper bound on
Hye(y). (Peter Elias, "A Note on Auto-
correlation and Entropy," Proc. I.R.E.
39, p. 839, July 1951), For a given
correlation function, a normal distribu-
tion has the highest entropy, which is
calculable from the correlation function,
The entropy so calculated is thus equal
to Hx(y) only if the signal is in fact
normally distributed, The correlation
function thus supplies an upper bound on
the true information content which is
looser than that obtalined by the proce-
dure used in this paper,

Experimental Arrangement

Measurement of the second-order prob-
ability density requires first the gen-
eration of two video signals, appropri-
ately displaced in space or time, and
then the counting of the number of times
per frame each pair of brightnesses, i
and J, occur, There are many ways in
which each of these requirements may be
met. The techniques used were selected
for their simplicity and rapidity.

Producing the Two Signals

Since the displacement between the
signals can be looked at as either geom-
etrical or temporal, there are at least
two methods of attack, One is to scan
with one aperture and delay the signal by
the desired interval to obtain the sec-
ond signal and the other 1s to scan with
two apertures suitably displaced, It is
desired, of course, that the two signals
be as nearly alike as possible, except
for the delay, and that the delay be
variable over a wide range. Delays of
several microseconds are readily obtain-
able without serious degradation of 10
Mc/s video signals, by means of elec-
trical delay lines. An arrangement of
several flxed and variable-length lines
does indeed suffice for delays long
enough to measure the distribution of
signals along the same horizontal scan-
ning line, However, in order to deal
with vertical aperture separation, de-
lays of a multiple of a line scanning
time (63,5 mlcroseconds) are necessary,
in which case acoustic delay lines are
needed, In addition, an amplifier to
make up the sixty or seventy db attenu-
ation in the line must be included, as
well as an equallizer to compensate for
the lnevitable phase and amplitude dis-
tortion. Constructing such a system'is
a task neerly as complicated as this
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entire project;.:5 Finally, even if such
acoustic delay systems were easily avail-
able, the presence of interlace in the
standard scanning system would result in
a comparison, not between vertically
adjacent picture elements, but between
elements spaced apart by an even number
of lines, In addition, variable acous-
tic delay lines,which would allow a con-
venient adjustment of vertical separation
are even more difficult to make than fixel
length lines, For all these reasons the
two-aperture geometrical separation
method was used instead,

Performing the measurement

Previous investigators have used
various electronic methods to measure
first-order probability distributions.
Kretzmer®, in his device called a
Probablloscope, applied the signal to be
measured to one set of deflection plates
of a cathode-ray tube and by use of an
extremely ingenious photographic method
measured the brightness of the trace as
a function of deflection; Nienburg and
RogersS applied the signal to one set
of deflection plates of an electrostatic
storage tube for a certain length of
time, and then measured the charge
stored as a function of deflection,
fairly standard method is to pass the
signal through slicing circuits and
measure the proportion of the total
scanning time when the signal iswithin
a certain amplitude interval, and slowly
scan the interval through the full range
of signal amplitudes,

A

All of these methods could be used
for the measurement of second-order
probabilities by applying the second
signal to a slicing circuit which is
arranged to keep the first signal turned
off except when the second signal is
within the proper amplitude interval.
Then a family of curves would result,
one for each amplitude interval of the
second signal., Kretzmer has done this.

The method used in this research
to measure the second-order probability
is considerably simpler than other pro-
posed methods, and is thought to be
unique. The basic idea is to apply the
two signals to the vertical and hori-
zontal deflection plates, respectively,
of an oscilloscope. A pattern results
which 18 a representation of the desired
probabllity density p(x,y) where x and y,
the amplitudes of the two signals, are
represented by horizontal an verfical
deflection, and where p(x,y) is propor-
tional to the brightness of the screen



at the point (x,y). This comes about
since the brightness 1is proportional to
current density, which in turn 1s pro-
portional to the fraction of the scan

time during which the electron beam 1s

in the vicinity of the point, The beam

is so deflected whenever the two signals
have the palr of instantaneous values cor-
responding to the deflection. The pattern
is recorded by measuring the brightness
distribution in some appropriate manner,
say by photographing the pattern, or by
actually measuring the brightness at each
point with a scenning photometer. With
proper equipment design, this method can
be made as accurate as the slicing circuit
technique, and it has the further great
advantage that qualitative results can be
obtained very quickly by merely observing
the pattern or by photographing it. This
is an advantage of great importance for
the purpose of this research, since what
is desired is a large quantity of approxi-
mate information about a varlety of plc-
tures, rather than very preclse informa-
tion about a particular picture,

Description of the apparatus

The operation can be understood by
rererence to the block diagram, Fig. 1.
The optical system is the principal part
of the equipment,

The flying-spot cathode-ray tube has
a very bright, short persistence phosphor,
A standard television raster 1s produced
thereon by means of synch and sweep gen-
erators, which for convenlence are syn-
chronized with the power line. On account
of the short persistence, only one spot,
roughly the size of the electron beam,
is i1lluminated at one time. The raster
is focussed by the projection lens on two
ident ical 35 mm transparencies, This is
done by means of the beam splitter, a
half-aluminized, very flat mirror on a
thin transparent base, which transmits
and reflects about equal portions of the
incident light. The light which passes
through the transparencies 1s collected
by the photomultiplier tubes, assisted by
condensing lenses. Since only one spot
of the CRT phosphor is illuminated at one
time, light passes through only one point
of each slide at one time. Consequently,
the photomultiplier current 1s a video
signal,

In the apparatus, one of the trans-
parencies 1s mounted on slides so that it
can be moved by measured amounts per-
pendicular to the optic axis, and the
other is mounted so that it can be rotated
about the optic axis. In addition, pro-

38

vision is made for the second trans-
parency to be moved along the optilc
axis. By making use of all these
ad justments, it 1s possible to project.
rasters of the same size and focus on
each transparency, and to have the
transparencles oriented identically
with respect to the projected rasters,
so that the same point of each plcture
is scanned at the same time, The pic-
tures are then in register, and pre-
sumably, identical video signals will
be produced. To scan different points
simultaneously, the slide-mounted
transparency 1is shifted horizontally
or vertically by means of tenths micro-
meters.,

The two photomultiplier outputs are
amplified and equalized (to compensate
for screen persistence of the flying
spot tube) In the preamplifiers and
again amplifier in the video deflection
amplidier to a level high enough to pro-
duce about 1 1/2 to 2 inches deflection
in the recording scope, which is
operated at a total acceleration
voltage of about 20,000 volts. For
this purpose, it need not be a short
persistence tube, but thls character-
istic makes the device more adaptable
to other uses,

By applying one signal to the ver-
tical and the other to the horizontal
deflection plates of the recording
scope, a pattern is produced on the
screen whose brightness is proportional
to the second-order probabllity dis-
tribution of the two signals, as already
explained.

The brightness of the screen 1is
measured with a Photovolt 520M Multi-
plier Photometer, The search unlt of
the photometer is mounted over the
center of the screen, and is shlelded
from 1tby two opaque masks with small
holes at the center so that only light
emitted by a small circular area near

© the center of the screen falls on the

photocathode of the search unit. To
measure the various parts of the pat-
tern, the entire pattern is moved past
the holes by rotating the oscilloscope
centering controls. Stepplng relays
facilitate rapid translation of the
pattern past the holes by moving the
centering controls a fixed amount each
time the relay is energlzed. The steps
are adjusted so that the entire pattemrn
is covered in about thirty-two steps
each way, or about 1000 readings in all,
A second palr of solenoids causes the
controls to return to extreme counter-



clockwise position when energized.

Monitoring

As a check on the operation of the
system, a picture monitor is used. This
1s a commercial television receiver with a
ten-inch tube, modified so that its sweep
generator 1s synchronized by the same
pulses that trigger the scenner sweep gen-
erator, and so that the output of the
monitor video amplifier is applied to the
grid of the picture tube. This signal 1is
ordinarily the difference between the
two video signals but it may be one or
the other or the sum, and of either polar-
ity depending on the setting in the sub-
tractor unit, When the two signals are
mixed, as 1s usually done, their relative
amplitude may be adjusted, so that if the
two plctures are in register, a null can
be observed. This is a sensitive means
of putting the pictures in register and
of focussing,

Figure 2 consists of photographs of
the probabllity pattern as it appears on
the recording scope. The subject was
the stancdard RMA Test Pattern, Distri-
butions are shown for the two pictures in
register, and also displaced horizontally,
vertically, and diagonally. Notice that
there is no significant difference in
rate of spread for the various directions
of displacement. This holds true for all
ordinary pictures,

Figure 3 is a general view of the
equipment,

Results of the Measurements

The oscilloscope presentation of the
second-order probability distribution was
observed for eleven still pidtures and
the RMA test pattern, as well as for five
sequences selected from motion picture
film. All these presentations were photo-
graphed, and in the case of the stills, a
number of separations, horizontally, ver-
tically, and diagonally, were used. The
patterns of four of the stills and one
sequence were also measured with the
photometer, Five separations were used
for each still and five pairs of pictures
for the sequence., Each of these twenty-
five patterns was used to compute the
conditional uncertainty of one of the
signals when the other one is known. The
results are plotted in Fig. 4 as a func-
tion of separation expressed in Nyquist
intervals for the stills (the reciprocal
of twice the bandwidth) and in frames for
the sequence.
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When the two pictures under test are
in register and if the apparatus were
perfect, the recording scope pattern
would be a 45° line, because the video
signals would be identical, 1In this case
the conditional entropy would be zero,
which 18 reasonable since no information
is conveyed by a message known to be
identical to a previous message. In our
case, howeyer, the pattern corresponding
to zero displacement is a spread-out 45
line, and the entropy calculated for this
case 1s not zero, but is something over
two bits (the maximum conditional entropy
for a pattern of 32x32 points 1s logs 32
= 5 bits). This is a measure of the dif-
ference in the video signals.,

When the pilctures are out of regis-
ter, the probability that the two elem-
entary areas belng scanned at any instant
have equal brightnesses decreases, and
the 45°© line spreads out farther. This
causes the measured entropy of the pat-
tern to increase since the change 1is in
the direction of equalizing the density
in the various parts of the pattern.

It 1s apparent that the measured
entropy 1s a function of both the signal
and the nolse. There 1s no convenient
way to use the data to calculate exactly
the entropy of the signal itself, but
bearing in mind that the pictures them-
selves exhibilt a wide range of complexity
(and hence of entropy) and that as a re-
sult exact measurement of the entropy of
a particular pidure is not necessary, it
is possible, using certain plausible
assumptions about the signal and the
noise, to arrive at an approximation to
the entropy of the signal. The assump-
tions are:

1. The noise is normally distri-
buted.,

2. The conditional distribution of
the signal 1is normal,

3. The signal and the noise are un-
correlated,

The first assumption is very nearly
true, since the principal source of noise
in photomultiplier tubes 1is thermal emis-
sion from the photo cathode, temperature-
limited as in a temperature-limited
diode, when operated under the conditions
used 1n this experiment. The second
assumption 1s not so obvious. Certainly
the first-order distribution of the sig-
nal is not gaussian, since some pictures




are mostly black, some mostly white, and
some have a fairly even distribution of
grays. However, the conditional distri-
bution is similar to & normal distribution
Except for some unusual cases, such as
scenes with periodicities of cell size
(very fine checkerboard) the conditional
distribution will at least be unimodal.
Obviously, in ordinary pictures, it 1is
most probable that two adjoining cells
are equally bright, and the greater the
brightness difference, the less llkely
the occurrence of such a palr of cells.
Figure 5 shows the similarity between a
measured distribution taken at random

and & normal curve. The protrusion in-
dicates some deviation from normalcy, but
the effect on the result is small, since
for every curve with an upward protrusion,
another can be picked out with a downward
protrusion.

The third assumption 1is good, since
although the rms value of the noise does
in fact depend on the level of the signal,
the two nevertheless have zero correlatim
since the instantaneous value of the nolse
is independent of signal amplitude.

On this basis the computation 1is
straightforward:

if D=S + N (1)

then 0'12) = c§ +0‘§, where D, S, and N
refer to the data, the signal, and the
nolse respectively, and g 1s the standard
deviation. For any first-order normal
distribution

H= 1032'\/51{00' bits per sample6; (2)

hence 22HD = 2ne(0%+ ¢%) = 22HN, 22Hs
(3)

2H 2H
end Hy = $logy(2 D2 Ny  (a)
This relation, which applies to any
first-order distributions D, S, and N,
conditional or unconditional, and to the
corresponding entropy Hg, thus enables us
to calculate the entropy of a signal when
we know the entropy of the accompanying
noise, and the entropy of the sum of the
signal and noise, subject to the assump-
tions made, It remains to find Hy, which
is done by measuring the entropy of the
data when the pictures are in register.
In this case, HS = 0 and

Lo

2H.(0) 2H
0 =.é1032(2 DM TNy (5)

giving

2n 2H.(0)
o N7 D _ g (6)

It 1s not necessary to calculate HN from
(6) since 22HN can be substituted
directly in (4), giving

q 2Hp_ 2Hp(0) 4 1) (7

Hs = gloq 2

If Hp is taken at one Nyquist interval
separation, then Hg becomes Hx(y) since
x and y are then aﬁjacent elementary
areas,

In the computations, a smooth curve
was drawn through each plot of Hp vs
separation, the value of the ordinate at
zero separation being taken as Hp(O) and
the value at one Nyquist 1nterva9 as
Hp{(l) in (7). A similar procedure was
followed for the sequence, except that
as no data were taken for zero separation
the value was obtained by extrapolation.
The results are:

Sub ject Hx(y), bits
1 77
2 1.88
6 «57
13 24
s2 .90

Notice that the order of the results
is the same as a subjective estimate of
the order of complexity of the pictures,
(See Fig. 6.)

A conservative upper bound on the
entropy of systems with more quantization
levels is obtained by assuming that the
extra information 1is uncorrelated, and
adding one bit for each binary digit
above 5. This would be the case 1f the
signal-to-noise ratio were 32:1, for
example,

Kretzmer' obtains for H (y) in 6 bit
system, an average value of &bout 2 1/2
bits., This is of the same order of magni
tude as one plus the result reported here
and so the experiments may be sald to be
in consonance.

Applicability to Practical Systems

The results of this and similar



experiments based on the second-order
probability density indicate that full use
of this statistic would enable the band-
width of television transmissions to be
reduced by a factor of two or three,
Wnile there are immediate commercial ap-
plications of such a reduction if it could
be instrumented in a simple manner, work-
ors in the rleld are almost all of the
opinion that very much larger reductions
are possible, and that these reductions
would be mude evident by measurement of
the higher-order probability distribu-
tions. For example, a reduction factor
two or three is indicated by knowledge
either of the previous sample on the same
line or by the sample on the line above,
Very likely, knowledge of both these
samples simultaneously would produce a
larger saving. This requires measuring a
third-order probability density and if
even larger savings are desired, the
corresponding sumple in the previous
frame could be included by meusuring a
fourth-order density. The labor involved
in making the second-order measurement
reported In this thesis is so large that
automatic methods would have to be devel-
oped for more involved measurements.
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A Precision Line Selector for Television Use

I. C. Abrahams and R. C. Thor
General Electric Company
Syracuse, New York

Introduction

The instrument to be described in this paper
is in reality a much more versatile one than the
title implies. Indeed, its versatility is at
least as important a recommendation for the
instrument as its ability to perform its primary
function as a line selector extremely accurately
and conveniently. It is the purpose of this
paper to describe the principles and design of
the instrument as well as a number of its appli-
cations.

Basically, the approach used is to produce a
variable phase shift at a frequency of 157.5
kilocycles, corresponding to the tenth harmonic
of the standard television line rate. Phase
shifts at any other frequency may then be ob-
tained through the use of suitable frequency di-
viders or multipliers. The instrument, therefore,
may be used wherever variation and/or measurement,
of time delays or phase shifts are desired in a
television system. The frequency divider and
multiplier chains are also of great utility.

General Description

The basic unit consists of three parts:
(1) the phase-shifter; (2) the frequency divider;
and (3) the frequency multiplier. The first two
items are fundamental to the functioning of the
line selector; the third is included as an added
convenience, as will be described. The inter-
connection of these three parts, as well as the
frequencies of their inputs and outputs, are
shown in the block diagram of Figure 1. The
phase shifter unit has one input, into which may
be fed periodic signals having frequencies corre-
sponding to that of the line frequency (15.75
kilocycles) or its second or tenth harmonics.
Three outputs, having variable phase shifts with
respect to the input, are available; the frequen-
cies of these outputs are the same as mentioned
above, i.e., 15.75 kilocycles, 31.5 kilocycles,
and 157.5 kilocycles. The frequency multiplier
chain takes the 157.5 kilocycle output and multi-
plies it by a factor of 128 in order to produce
an output at approximately 20 megacycles (20.l6
megacycles, to be precise{. The frequency di-
vider chain, on the other hand, takes the 3l.5
kilocycle output of the phase shifter unit and
divides it by factors of 35, 525, and 1050, to
produce outputs of 900, 60, and 30 cycles, re-
spectively. As will be shown, all of the above-
mentioned frequencies are of use in the analysis
of a television system.

The Phase Shifter Unit

A block diagram of the phase shifter unit
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is shown in Figure 2. The input circuit of the
first multiplier stage has an impedance level of
75 ohms and is aperiodic. The plate circuit of
the first stage and the second amplifier are
tuned to 157.5 kilocycles. Hence, any submulti-
ple of this frequency may be fed into the input
of this unit, provided it has sufficient 157.5
kilocycle content and/or there is sufficient
amplitude to produce the required amount of
currents of this frequency in the first ampli-
fier tube., The 157.5 kilocycle output of the
second amplifier is split into three symmetrical
phases by means of appropriate R~C circuits, for
application to the phase-shifter proper. This
is the type which has often been used for radar
purposes, and is described by Blackburn in
Volune 17 of the Radiation Laboratory Series.
Essentially, it consists of a capacitor-type
phase-shifter in which a three-phase signal is
applied to its input; the output is single-phase
having a phase-angle, with respect to any given
one of the input phases, which is numerically
equal to the angular rotation of the shaft. It
is of the continuous type; i.e., the shaft may
be rotated through 360 degrees, and on around
again. A more complete description of the phase
shifter capacitor is given in the accompanying
paper entitled "Phase Measurements at Subcarrier
Frequency in Color Television." Angular accu-
racies of 4 1% (about 4 4 degrees) are easily
attainable. The 157.5 kilocycle sinusoidal
output of the phase shifter capacitor, after
suitable amplification, becomes one of the
outputs. In addition, the same wave is put
through limiter-amplifiers and used to synchro-
nize a 31.5 kilocycle blocking oscillator, whose
waveform is used as a second output. Finally,
the 31.5 kilocycle wave is divided by two to
form the third output, at 15.75 kilocycles. The
limiters are of such a design as to give phase
stability between the 157.5 kilocycle sine wave
and the two lower frequency outputs. The net
result of this unit is to produce a precision
phase shift or delay between input and output at
any of the three mentioned frequencies or at any
combination of them.

Provisions are also made for easy alignment
of the phase shifter. The problem here is one
of producing three sinusoidal inputs for the
capacitor, having equal amplitudes, and phases
which are 120 degrees apart. The first con-
dition is attained by the use of a slide-back
voltmeter having an "electric eye" type of indi-
cator tube. With the "Calibrate Selection Switch"
of Figure 2 in the upper position, the back-bias
on the "eye" is balanced against the rectified
output of one on the input phases. The amplitude
of the other two phases are each in turn so ad-
Justed as to give the same shadow-angle of the



"eye," using the same back-bias setting. The
phase adjustments are made by throwing the "Cali-
brate Selection Switch" to the downward position
and the "Use-Calibrate" to the "Calibrate" po-
sition. This connects the "eye" indicator to the
output of the dummy phase shifter. This latter
is simply a phase shifter capacitor whose rotor
has been removed; its three-phase input is con-
nected in parallel with that of the main phase
shifter. The output of the dummy phase shifter
will be, to a high degree of precision, the
vectorial sum of the three inputs. It is pre-
ferred to any other type of adder because of this
high precision, which is possible due to its me-
chanical construction. The slide-back voltage is
set to zero, so that the "eye" now becomes a null
indicator. The phase of two of the three-phase
inputs is, therefore, varied until the output of
the dummy phase shifter, i.e., the vectorial sum
of the three phases, becomes zero. Since their
amplitudes have previously been set to be equal,
their phases will be symmetrical if their vec-
torial sum is zero. It should be noted that this
lineup procedure would not be sufficient for a
four-phase capacitor; hence, the choice of the
three-phase type.

The shaft of the phase-shifter capacitor is
fitted with a dial for manual operation; this
dial is calibrated from zero to one hundred for
360 degrees of rotation. Hence, one division
corresponds to one-tenth of one percent of a hori-
zontal period. For most measurements, this is
the desired unit; a conversion to, say, micro-
seconds can easily be made, of course. A motor
drive is also provided, together with a control
switch having two speeds in each direction; the
maximum speed is 300 revolutions per minute, which
is the greatest amount which the bearings of the
phase shifter are capable of standing.

It can be seen that, if the accuracy of the
phase shifter is plus-or-minus one percent of one
revolution, this is equivalent to plus-or-minus
one-tenth of one percent of one line repetition
period or 4 .00l H. The amount of jitter was too
small to be measured.

The physical layout of the phase-shifter unit
is shown in Figure 3.

The Frequency Divider

A block diagram of the frequency divider
unit is shown in Figure 4. Binary scalers are
employed throughout for reliability and simplici-
ty of operation. The General Electric model
LSNALAL was used for convenience. The 31.5 kilo-
cycle pulses from the phase-shifter unit are fed
into the first group of three scalers, which are
arranged so as to divide by seven. This output
(which is 4500 cycles) is fed to a second group
of three scalers, which are designed to give a
further division by five, resulting in a 900
cycle signal, which becomes one of the outputs
of the unit. In addition, this signal is fed to
a group of four scalers, which are arranged to
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give a division ratio of fifteen, producing a
sixty-cycle signal, which is used as a second
output of the unit. Finally, this frequency is
divided by two, by means of a single binary
scaler, to produce the thirty-cycle signal.
This is used to synchronize a blocking oscil-
lator, whose waveform forms the third output.

When this unit is driven by the phase
shifter output, it requires 5250 revolutions of
the phase shifter shaft to cause the thirty-
cycle output to go through one cycle. Since its
maximum speed is 300 revolutions per minute, it
would, therefore, take 17 1/2 minutes to go
through ene complete frame; a time of up to one
quarter of this value would still be necessary,
even if one did not care which field was to be
taken, and if he proceeded in the nearest di-
rection. To obviate this difficulty, a "Di-
vider Change Switch" was provided. Its function
is to close, at the press of a button, a feed-
back loop which changes the over-all divider
ratio from 1050 to 1049. The output frequency
is thus raised by the ratio of 1050/1049, which
causes the output pulse to advance through the
frame at the rate of 30 lines per second, which
is 60 times as fast as that obtainable by
rotating the phase shifter at 300 revolutions
per minute. Hence, rapid setting of the phase
of the 30 cycle output pulse is made possible,
in an extremely simple manner.

The Frequency Multiplier

This unit consists of three stages which
multiply the frequency by four, and one which
multiplies by two. Hence, the input frequency
of 157.5 kilocycles is multiplied by 128 to give
an output of 20.16 megacycles. This may be used
to produce markers having a time spacing of ap-
proximately .05 microseconds, for measuring rise
times of transients. In some cases, it might be
convenient to build a multiplier having a ratio
of 100, thus giving markers which are spaced
001 H apart. In the present instance, it was
deemed more useful to deal in microseconds and
megacycles, for the purpose of measuring rise-
times and bandwidths; furthermore, for measure-
ments in terms of horizontal periods, the cali-
bration on the phase shifter dial may be used.

Assembly of Units

Figure 5 shows the units assembled into one
rack. At the top is the phase-shifter unit;
next below is the divider unit; below this is
the multiplier unit. The power supply at the
bottom furnishes regulated d-¢ to all units.
The normal interconnection is shown in Figure 1,
although some particular use of the apparatus may
require other interconnections.

Use of Instrument as Line Selector

Figure 6 shows the manner in which the
instrument may be used as a line selector. The
line selector input is shown as consisting of the



15.75 kilocycle driving pulses, since these are
usually most readily available. The 30 cycle

- output is used to trigger the sweep of the oscil-
loscope. The writing speed of the sweep should be
that which is appropriate for the waveform to be
examined. The use of the 20-megacycle timing
markers is optional; if they are used, they should
be fed to the Z-axis of the oscilloscope. The
television picture monitor is used to indicate
what part of the picture is being examined. This
is done by placing the 30-cycle pulse on one of
the signal electrodes of the picture tube in any.
convenient manner. Thus, the timing of the be-~
ginning of oscilloscope sweep with respect to the
picture is clearly indicated. The approximate
position of the 30-cycle marker is then set by
depressing the "Divider Change Switch" on the di-
vider unit. The exact position is then selected
by means of the phase shifter knob.

Rise time of transients in the picture may
be measured by the use of the 20-megacycle
markers. Pulse widths or delays may be measured
by means of the calibration of the phase shifter
dial. This is done by positioning one of the
points, between which the measurement is to be
made, on the oscilloscope vertical cross-hair, by
means of the phase shifter. The dial reading is
then noted. When the other point is similarly
positioned, the dial reading is again noted. The
time difference is thus obtained to an accuracy
of 4 001 He This is particularly useful in
measuring synchronizing pulses for width and po-
sition, to ascertain conformance to standards.

In summation, it may be said that the high
stability and accuracy of the instrument allows
it to perform its function as a line selector in
an extremely useful manner.

Other Uses of Instrument

By synchronizing the oscilloscope from the
15,75 kilocycle output of the phase shifter, the
same precision measurements as above may be made
on phenomena occurring at this rate, with the
added advantage that more brightness is obtainable
on the oscilloscope, due to the higher repetition
rate.

If the horizontal sweep of a picture monitor
is synchronized from the 15.75 kilocycle output
of the instrument, and the vertical sweep from
the 60-cycle output, they may be conveniently
phased with respect to the incoming video signal.
This is useful, for example, for examining the
video during the retrace of the monitor sweeps.
Conversely, the video blanking and synchronizing
pulses may be made to occur during the forward
trace of the monitor; hence, familiar "pulse-
cross" pattern may be simply obtained with the
aid of this instrument. In summation, the
instrument may be used wherever continuous delay
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of the horizontal and/or vertical synchronizing
pulses is desired.

A specialized application of the instrument
is shown in Figure 7. In this instance, it is
used as part of a cross-hatch generator for
checking geometric distortion of camera sweeps.
The 900-cycle output of the divider unit is used
to synchronize-pulses which are roughly 2 1/2
lines or about 150 microseconds in length.
Similarly, the 157.5 kilocycle output is multi-
plied by 2 and used to synchronize pulses which
are approximately one-half microsecond in length.
These two waveforms are then added together and
clipped. When the resulting waveform is dis-
played on a picture monitor, a cross-hatch
pattern is seen, which would consist of 15 hori-
zontal lines and 20 vertical lines, were it not
for blanking and retrace times. Figure 8 shows
the proposed standard RTMA linearity chart,
which will soon appear in an IRE Measurement
Standard. This chart is placed in front of the
camera, and the resulting video is displayed,
along with the cross-hatch pattern on a picture
monitor. The geometric distortion is less than
two percent if all the cross-hatch intersections
fall within the outer circles. In order to make
such a measurement, it is necessary to be able
to move the cross-hatch pattern electrically, in
order to effect an optimum "fit" between it and
the test pattern image. This is easily done by
means of the phase shifter control. The hori-
zontal lines are first positioned properly,
after which the vertical lines are adjusted.

Variations in the velocity of the hori-
zontal deflection of a picture monitor or re-
ceiver may be measured by comparing electrical
displacement, as measured on the phase shifter
dial, with the displacement of one of the lines
of the cross-hatch, as the latter are moved
across the screen by means of the phase shifter.
Since the calibration of the latter is linear
and accurate to 0.l percent of a line, such a
measurement will detect and measure accurately
very small velocity errors. These might other-
wise be greatly underestimated, using methods
of measurement involving only a stationary
cross-hatch pattern.

The frequency-divider unit itself has been
put to great use around the laboratory, in a
number of specialized applications. For example,
it has been used in conjunction with a 31.5
kilocycle oscillator, as a simple synchronizing
generator.

The instrument described has not only
served its purpose well as a line-selector, but
has found a number of other useful applications.
No doubt, still further different uses will be
found, which will further increase its utility in
the television laboratory.
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COLORIMETRIC PROPERTIES OF
GAMMA~CORRECTED COLOR TELEVISION SYSTEMS

Donald C. Livingston
Sylvania Electric Products Ince
Physics Laboratories
Bayside, New York

This paper will present a detailed comparison be-
tween two different color television systems both
of which fall within the broad framework of what
might be called the generalized NTSC system. It
will be shown that one of these systems is apprec=
iably superior to the other in overall perform-
ance., The paper opens with s brief description

of the generalized NTSC system. This is followed
by the actual comparison of systems, which is car-
ried out with the aid of a number of "system par-
ameters" whose mumerical values reveal the differ-
ences in performance between the two systems.
These differences will indicate the superiority

of one system over the other. Finally, some con-
siderations on perceptibility of camera and re-
ceiver noise will provide additional evidence of
the superiority of the better system.

The Generalized NTSC System

The general form of the color television system

to be considered in this paper is shown in Fig. 1.
At the extreme left, indicated symbolically by a
tree, is the subject being scamned. It is regard-
ed as furnishing a light signal with tristimulus
values: R,G,B, these values being defined relative
to the primaries characterizing the phosphors on
the kinescope of the color television receiver in
the right half of the diagram. Immediately to the
right of the subject is the color camera, consist-
ing of light receptors with three different spec-
tral responses together with electrical transduc-
ers which develop color signals Ep, »Ep which,

to an acceptable approxima %gon, are linear func-
tions of R,G,B. The relative levels of these
color signals are defined with respect to each
other so that ER®E;=Ep represents reference white,

A distinctive characteristic of the National Tel-
evision System Committee (NTSC) color television
system is the manner in which the color signals
M’EQ are transformed into signals suitable for
ation onto an rf carrier. This transforma-
tion is carried cut in the coder, shown as the
element following the camera in Fig, 1. The coder
uses the three color signals to produce a lumin-
ance signal Ey, and two color-difference signals
« The color-difference signals are mod-
ulated at quadrature onto s subcarrier to form a
chrominance ai%. Finally, the chrominance sig-
nal and the ance signal are added together
to form a color picture signal which is theh amp-
litude modulated onto an rf carrier in the usual
manner. The luminance signsl is equivalent to
the ordinary video signal in monochrome televis-
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ion and will be interpreted as such when the
color picture signal is displayed on a monochroms
receiver,

In a color receiver, the color picture signal is
demodulated from the-rf carrier, and the color-
difference signals are demodulated from the
chrominance signal. Thus, the luminance signal
and the color-difference signals are recqovered
except for certain small errors which can be
neglected. These signals are then operated upon
by the decoder in Fig. 1 to yield signals which
are of such forms that, after adjustment of their
levels by passage through video amplifiers, they
sre capable of eliciting from the color kinescope
a luminous response with tristimulus values
R',G!',B? which are equal to R,G,B or to somes
fixed constant times R,G,B.

Actual designation of forms for the various sig-
nals must be made in accordance with the charac-
teristics of system components., In particular,
the kinescope transfer characteristics must be
considered. It is known that color kinmescopes
follow power-law characteristics of the fom

Y=a" Q)

over a range ETin <E< which is sufficient-
1y wide that signal excursions beyond these lim-
its rarely occur. In eq. (1), Y is the repro-
duced luminance and E is the grid drive of the
kinescope measured with respect: to cutoff; a and
T are constants, the latter being called the

amma exponent for the kinescope. The numerical
value o; 7 has been found experimentally to be
approximately 2.2 for a number of color kinescopes,

I"g follows that the decoder output signals E;{,Ea,
Ep in Fig. 1 should be a?rango;d to be equal, as
nearly as possible, to Eg” ,EG"" ,EB"" e There ap-
pears to be one simple way to bring this about
rigorously, viz., by letting Ey,Sp,Sp be linear
combinations of Ef" ,E" ,Ep/" 8o as to require
the decoder to perform only linear operations
such as addition and subtraction in order to yield
the desired output signals. The best choice of
aiénals meeting this requirement can be shown to
be

Ep 2299 EfT + W8T Ky + JLEST 2 E) (2a)
S =BT - Ey (28)
Sy 2B -Ey, (2¢)



in which numerical constants have been arranged so
that the luminance signal carries all or nearly
all of the luminance information when the subject
chromaticity is in the neighborhood of reference
white, the receiver primaries and the particular
reference white used being those specified3 by
NTSC Panel 13, Actually, it will be seen later
that, in spite of the fact that the system des-
cribed by eqs. (2) yields the correct colors, this
system nevertheless possesses some characteristics
which render it somewhat inferior to another sys-
tem even though the second system permits small
errors in color reproduction to occur,

This second system is one in which the luminance
signal has the f

Ep, = EfT, (3)

wherein
By 2 .299 Ep + 587 Eg + <11k Eg (L)

is a quantity exactly equal to the subject lumin-
ance. The color-difference signals are the same
as before. The method of decoding in this system
is exactly the same as in the first; but since E
is no longer a linear combination of ER’" ,Ed"",EB&",
it is not possible to recover these quantities
exactly. However, Ey" as given in eqs. (3) and
(k) differs only slightly from Ey in eq. (2a) ex-
cept for saturated colors, so relatively little
error in recovery of the desired signals occurs.
It will soon be shown, in fact, that the very
presence of this error actually does enough good
in various ways to more than compensate the little
harm which it does to the accuracy of color re-
production,

The principal purpose of the remainder of this
paper will be to examine the performance of the
two systems whose signal specifications have just
been described and to determine which of the two
systems appears to offer the better combination
of performance characteristics. It will be as-
sumed that both systems employ a decoder opera-
ting in accordance with the relstions

Ej = Ep+ Sp (5a)
zg-EL-fgg’.;sR-%y;sB (5b)
Ep = B+ Sp. (5¢)

It is readily established? that when Ej=Ey,

Bp =By’ B =B Ep TE, (6)
whereas when Ep, = Ew'?',

. Ep wEJT+ OBy (7a)
E;' 2 Eg"'+ AEy (o)
B} ® B+ ABy, (7¢)
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in which

AR, SE/T -EBy. (8)

The analysis of the systems will still require
that the proportionalities between R,G,B apd |
EgsEp be knomn and that those between Ep,E;,

t4
g“ and R!',G',B' be known., It can be shown that
e desired relations are?

- _ B
and

(9

R! = .286nEp G' = ,26lnE; B' = .L53uEp (10)
The analysis can now proceed. It will involve
the definition of a number of quantities to be
called system parameters, each of which will be

introduced as the need arises.

Color Fidelity

The most important property of a color television
system is clearly color fidelity. Since color is
itself a three-dimensional quantity, being des-
cribable in terms of luminance, hue, and satura-
tion, it is necessary to measure color fidelity
in a way which takes into account distortions in
any one of these three components. It will be
convenient to introduce two system parameters for
this purpose, one being a scalar and the other a
two-dimensional vector. The former will be de-
fined as

Fall

Y
and called the Luminance Fidelity. The luminance
of the subject belng scanned is é, and that of the
reproduced image point on s color kinescope is
Y's Since Y and Y' are intended only to be pro-
portional rather than equal, it is useful to des-
ignate the desired relstion as Y' = nY, withn a
constant whose value can be adjusted by the view-
er, It expresses the effect of the contrast con-
trol. It can be seen from eq. (11) that F should
be unity for correct luminance reproduction.

(1)

The vector will be called the chromatic distor-
tion vector and will be most conveniently des-
er ough the three linearly dependent com-
ponents

Ar Er' -r Ag =gl -g Ab EDb!' =D, (12)
in which r,g,b and r?,g',b! are trichromatic co-
efficients of the scanned color and the reproduc-
ed color, respectively. If these components are
all identically zero, then it follows that the
system reproduces the hue and saturation, or the
chromaticity, of a color correctly even though
the luminance might still be in error.

To apply eqs. (11) and (12) to the analysis of a



given system, it will be necessary to deduce rela-
tions for Y and Y' in terms of R,G,B. These can
be shom? to be

Y = ,33R + .71G + .08B (13)
and
ng r
Y = .306n {.299 BN+ 587 Eg + 1L Ep L, (1k)

wherein Eﬁ,E&,E; sre related to R,G,B through var-
ious of the preceding equations. The quantity n
in eq. (14) is the same n appearing in eq. (11).

Now with ER»Eg,ER given by eqs. (6) for the Ey, =
Ey system and by eqs. (7) for the E system,
the Luminance Fidelity F in eq. (lls' is diate-
1y calculable., The results, for 7' = 2,2, are
shown in Fig. 2 for the E!" aystem; it is seen
that F = ] at Illuminant C, that F is not much
larger than unity over a considerable range of
chromaticities around Illuminant C, but that it
seems to become excessive at saturated chramatic-
ities., On the other hand, F is exactly unit.y
over the entire chromaticity gamut in the BY sys-
tem,

To determine the Chromstic Distortion Components
for the two systems, one mist use eqs. (6) through
(10) in egs. (12). The result for the Ey system
turns out< to be that r®= gw bm Os;that is, there
is no chromatic distortion. Thus, it is seen that
the Ey system sppears to have perfect color fidel-
ity. Actually, however, since it is necessary in
practice to band-limit the chrominance signal be~
fore adding it to the luminance signal, the de-
modulated color-difference signals in a color re-
ceiver will not be able to duplicate the most
rapid variations in the original color-difference
signals at the transmitter, and the result is that
the reproduced color picture fails to resolve hor-
izontal chromatic detail ss finely as it does lum-
inance detail, Thus, the above considerations on
color fidelity are applicable only to large-erea
color detail,
Evaluation of eqs. (12) for the:E;m E;'syate-
leads to values for the Chromatic Distortion Com=—
ponents which are not zero in general. The re-
sults of this evaluation are shown in Fig. 3, in
which the tail of each arrow represents the sub-
Ject chromaticity and the head of each represents
the corresponding image chromaticity. It appears
that, in general, the chromatic distortion has
the character of a desaturation which is greatest
for the most saturated colors. In particular, it
has its maximum effect at saturated red. However,
it is noteworthy that the eye is known to be very
insensitive to the forms of chromatic distortion
which occur in this system, so the distortion can
be expected to be mmuch less noticeable than the
diagram would suggest. This seems, in fact, to be
the case; for in actual laboratory tests, trained
observers had difficulty in distinguishing color
di ferences between pictures formed by the Ey and
systems,
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Monochrome Luminance Fidelity

Closely related to color fidelity as described
above is the response of a receiver to the lum-
inance signal @lone, This refers, for example,
to the reproduction of luminsnce by a convention-
al monochrome receiver when receiving color pic-
ture signals. What is more important, however,
is that it also refers to the performance of s
color television receiver when, because of band-
limiting of the chrominance signal, the demodu-
lated color-difference signals are unable to vary
rapidly enough to duplicate the original color-
difference signal waveforms in the transmitter,
Under this condition, the color receiver can res-
pond to detail only to the extent that the trans-
mitted luminance signal varies.

The system psrameter to be introduced to measure
this property of the system will be called the
Monochrome lLuminance Fidelity Fy, and it will be
defined as

Ya

Fp23y >

(15)

in which Yj, denotes the luminance displayed on a
monochrome receiver when the subject luminance is

Y. Ideally, Y;, should equal nY, so that proper
monochrome 1 ce fidelity is indicated by
Fm - 1.

It can be shown? that

Yig = <3L6nEr, (16)
80 that eq. (15) can be evaluated with the aid of
eqs. (9), (13), and (12) together with egqs. (3)
and (L) for the Ey= Ey "' system or with eq. (2s)
for the E; ® Ey system. The result of this eval-
uation is shomn in Fig. L for the E} system. It
is seen that F, falls considerably as the chrom-
aticity departs from Illuminant C; the decrease

is slow at first, then becomes very rapid. This
situation seems serious for two reasons. The
lesser of these in importance pertains to the be-
havior of monochrome receivers; it sppears that

a monochrome receiver will display much less than
the desired amount of luminance when the subject
color is highly saturated red or blue, Thus, the
diagram shows that only 7.3% of the desired lum-
inance will appear at saturated blue when 7' = 2,2,

The significance of Fige. 4 for a color receiver
is due to band-limiting of the chrominance signal,
When a subject is finely detailed in both lumin-
ance and chromaticity, both the received luminance
and oolor-difference signals must vary rapidly in
order to reproduce the color detail correctly.

If, however, the received color-difference signals
are prevented by band-limiting from varying suf-
ficiently fast, the only detail that will be re-
produced will be that described by the luminance
signal. But it has been seen that the luminance
signal is much too small at saturated colors for
proper representation of subject luminance. Its



variations, too, will be too small if Ey = Ey;
hence, the luminance detail will be suppressed.
Consequently, the reproduced picture will be lack-
ing in both luminance detail and chromatic detail
even though, due to the action of the slowly-vary-
ing color-difference signals, the mean displayed
luminance will be correct (since F = 1),

Evaluation of eq. (15) for the Ep = T gystem
leads to the result Fp = 1, which means that col-
or picture signals using this luminance signal
will not only lead to correct luminance diaplay
on a monochrome receiver but to better rendition
of luminance detsil on a color receiver than for
the Ef, = Ey systenm.

Constant-Luminance

There sre a number of reasons for the desirability
of designing the NTSC color television system 8o
that variations in the chrominasnce signal ampli-
tude will not affect the luminance displayed by

a color receiver. Thus, when variable multipath
transmission conditions cause periodic reinforce-
ment and cancellation of the subcarrier, it would
lead inevitably to periodic fluctuations in the
saturation of the displayed colors, This would

be sufficiently objectionable by itself, but it
would be considersbly more so if the displayed
luminance also varied periodically. Moreover, it
has been demonstrated that noise and spurious sig-
nals in the chrominance channel are less percept-
ible if they affect only the displayed chromatic-
ity than if they affect both displayed chromatic-
ity and luminance, These conclusions are express-
ed by the Constant-Luminance Principle, which is
fully discussed elsewhere>,

It is convenient to introduce two system parsmet-—
ers to measure the degree of adherence of a given
system to the constant-luminance principle. One
of these is the Constant-Luminance Index K, de-
fined by

Y
K E—

Y

-

in which I£ is the luminance reproduced by a color
television receiver in the abaence of the chromin-
ance signsl and is equal to Y, for the system be-
ing considered., Thus, througkm comparison of eqs.
(11), (15), and (17), one can write

K= —r, (18)

permitting K to be computed from previcus system
parameters.

In a color television system, K is a measure of
the effect of the chrominance signal on the dis-
played luminance, It is desirable that this sig-
nal have no such effect, so it is desired that
K 2 1. Although K can equal unity in a system
wherein ¥ is unity, no satisfactory way appears

(a7

to be available for arrangement of a system where-
in v $#1 so that K can be unity for all chroma-
ticities. When eq. (18) is evaluated for the

! andEY" systems with 7" = 2,2, F and Py values
beéing obtained as previously described, the re-
sults are as shown in Figs. L and 5. It is seen
that K = 1 at Illuminant C but that its value de-
creases as the chromatic saturation increases,
particularly toward blue, It is also evident
that the E!"" system approaches somewhat closer
to the ideal than does the E} system.

The second parameter to be introduced to measure
the adherence of a system to the constant-lumin-
ance principle will be the Subcarrier Luminance

Sensitivity L, defined byl

9 f:r (%)max ’ (1s)

in which £ & R+G+B is the total triastimulus
value of the subject color, A, is the amplitude
of a spurious signal in the chrominance channel,
Y! is the displayed luminance in the absence of
the spurious signal, and §Y' is the change in
displayed luminance due to the effect of the
spurious signal. The ratio ( 8Y'/Y')gax in eq.
(19) is the value which results when the phase
of the spurious signal is such that §Y' is max-
imized st fixed Y'., In practice, it is of great-
er interest to compare L values from one system
to another and at various chromaticities than to
fix a significance to the actual numerical value
of L. In general, the greater the value of L,
the more perceptible will be the effect of a
spurious signsl in the chrominance channel on
the reproduced picture.

Values computed for L by eq. (%9) are shown in
Figs.6 and 7 for the Ey and systems, respec-
tively, the value 7" = 2,2 being used for the
gamma exponent. It appears that the system
is considerably less susceptible to apurious gig
nals in the chrominance channel than is the Ey
system.

Perceptibility of Luminance Noise

It remains to consider one further respect in
which the systems withEp = and with E

may be compared, In the course of subjective
experimental teats of the two systems, it was
noted that the picture produced on & monochrome
receiver by a color picture aignsl was consider-
ably more noisy when Ep = than when Ep = E!
It can be shown quite rea that the obsemd
behavior is logically to be expected, whether the
displayed noise originates in the receiver itself
or in the camera. These same conclusions are also
applicable to noise reaching s color picture via
the luminance channel of a color receiver.

When the diasplayed luminance Y; due to the lumin—
ance signal alone 1s pertu.rbedLby an amount SYL
through the effect of noise from all possible

sources, it results that the perceptibility frac-



tions P [Ey] m 81 I'. associated with use of the
luminance Signals Ey and Ey" are
£~ SE -1.8Eg
P[Ef] = .299 ET + 4587 E'
R R g E:
" 33 o (20a)
L
and
) SE S E
Plef] = 299 11;- + 4587 —EG- +.1 EEE Y
(20b)

respectively. In eqs. (20), the quantities §

SE a9 snd SE represent spurious perturba-
tions in ghe red, green, snd blue camera output
signsls snd in the received luminance signsl, res-
pectively. Several specific conclusions may be
drawn from eqs. (20), First, suppose that only re-
ceiver noise is present. Then

Y

P[Ez] E! o
FEA

It follows thst P[Ey] > P[Ef"] in this case since
> Eye For saturated colors, this ratio can
reach rather significant proportions, as can be
seen in the extreme case of saturated blue, for
which case the ratio become 3.3 for 7' = 2,2,

Next, suppose that only red and blue camers noise
are mresent, and consider a color close to the red
primary, so that EY = .299 ER"' and Ey = .299 Ep.
Then

P[EH 8{% + 3% G’")h STE% , (22)
e B .m(EB)SEB
Ep ' 299\Fg/ Ep

from which it is obvious that the perceptibility
rstio approaches unity if the red noise predomin-
ates over the blue noise, while it approaches
(Eg/Eg)®™ > 1 if blus noise predominates. An-
aldgous conclusions are readily reached for other
combinations of signals and noise sources, but
space does not permit elaboration on details here,
The reader is referred to reference 6, It will
suffice to say that examination leads, in nearly

TRANSMITTER RECEIWVER

every case, to the conclusion that nois? from any
given source is more perceptible when Ey is used
as luminance signal than when /T ig used, There
exist no cases in which the noise susceptibility
of Fq is less than that of EY

Summary and Conclusions

The mreceding discussion has demonstrated that it
is possible to predict theoretically the prop=-
erties of color television systems using lum-

inance signals of the forms Ey and s Tespec=
tively. It. has been indicated that the system
with /T is superior to that with E; ® Ey

in respect constant-luminance adherence,
monochrome luminance fidelity, and perceptibil=
ity of noise in the luminance signal. It is
slizhtly inferior in color fidelity, but it has
been judged through experimental tests with the
two systems thst the color degeneration is of
negligible magnitude while the accompanying ben-
efits are readily appreciable,
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PHASE MEASUREMENTS AT SUBCARRIER FREQUENCY IN COLOR TELEVISION

Arthur P. Stern
General Electric Company
Syracuse, New York

Introduction

In the Color Television System studied by
the National Television Systems Committee (NTSC),
the chrominance information modulates two sub-
carriers of the same frequency, but 90° out of
phase relative to each other. The subcarrier
frequency is located approximately 3.581 mc.
away from the main carrier. The chrominance
information is recovered in the receiver by
synchronous detection.

In order to secure high quality color repro-
duction, it is essential that the components of
the color signal and the detecting voltages at
the receiver satisfy accurately the NTSC signal
requirements. For reliable adjustment of trans-
mitter and receiver and for experimental investi-
gations, the possibility of making accurate phase
measurements is of great importance.

The purpose of this paper is to describe the
principles and the operation of phase measuring
equipment built in the Electronics Laboratory of
the General Electric Company, Syracuse, New York.

Purpose of the Measurements

The objective of phase measurements in Color
Television is generally either of the following:

1. The phase difference of two subcarrier
voltages must be measured, the angle assuming any
arbitrary value. The subcarrier voltages can
either come from separate sources and exist simul-
taneously, or they might be sequential parts of
the same signal. This is the case, for example,
when an NTSC-signal carries information corre-
sponding to two vertical bars of different colors
and the phase of the corresponding subcarrier
pulses must be determined relative to each other
or relative to a reference axis.

2, .Two signals must have a certain pre-
scribed phase difference relative to each other.
The objective is rather "alignment" than
"measurement.." In this case, special (possibly
simple, depending on the expected angle) instru-
ments can be designed to allow an easy alignment.

The purpose of the equipment to be described
is mainly to permit measurements, but naturally
it can also be used for alignment purposes.

Principles of Measurement

Equipment for measuring phase at a given
frequency can be designed on the basis of various

! Equipment desoribed in this paper has been

built for the "old" subcarrier frequency 3.89 mc.

ST

principles. Elegant solutions permit the display
of the phase angle to be measured on the screen
of an oscilloscope. However, it was felt that
the procedure to be described is capable of
giving most accurate results, the error being
less than a degree.

The method of measurement consists of com-
paring the phase of each of the signals or signal
portions, the phase difference of which is to be
measured with the phase of the output of a cali-
brated phase shifter.

This phase shifter permits the continuous
variation of the phase of a subcarrier voltage
Syars The signals (or signal portions) the phase
difference of which is to be determined be Syy
and Sx2. The output Syar of the phase shifter
is first added to Sy) and the sum is displayed on
an oscilloscope (or measured in some other way).
Phase and amplitude of Syap are varied until
cancellation occurs and the position of the phase
shifter aj] noted. The same procedure is repeated
for Sy, with a reading ay on the phase shifter
dial. The phase difference between Sy; and Sxo
is then given by (a; - a3).

A convenient continuous phase shifter can be
built with the aid of a multiphase "phase shift
condenser.” The design of this device (if
perfectly built) is such that the actual angle
of rotation of the condenser shaft is equal to
the electrical angle.2

In order to eliminate errors due to inevi-
table imperfections of the condenser and its
associated circuits, calibration is necessary.

It is more convenient to calibrate and it is

also easier to avoid imperfections in the
circuitry at low frequencies. Therefore, phase
shifting is accomplished at a comparatively low
frequency and the output of the phase shifter is
then heterodyned to subcarrier frequency. This
operation does not affect the relative phase and,
therefore, the calibration of the low frequency
phase shifter is valid for the phase shifted sub-
carrier voltage obtained by heterodyning.

The Phase Measuring Equipment

Figure 1 represents a block diagram of the
phase measuring apparatus.. The components of
this equipment are:

1. Phase Shifter (Figure 2) - The phase of a
continuous low frequency voltage with constant
phase, Flcon,» is varied by means of a 3-phase
condenser. The three inputs to the phase shift

2 Blackburn, J. F. -~ Components Handbook, McGraw
Hill, New York, 1949.



condenser are supplied by a phase splitting
network and must be 120° out of phase and equal

in amplitude. The fine adjustment of amplitude
and phase of the inputs is done with the help of
another phase shift condenser, the rotor of which
has been removed. If the three inputs have proper
phase and amplitude, the output of this condenser
is zero.

The output of the phase shifter is a voltage,
Flyar» the phase of which varies continuously
witﬁrthe setting of the condenser. To make accu-
rate readings possible, the dial of the phase
shifter is provided with a 1:5 gear ratio.
Readings of a fraction of a degree can be made.
(The low frequency at which phase shifting is
accomplished may be chosen arbitrarily. In the
equipment described, 157.5 k¢ = 10 x line
frequency was used.)

2. Converter (Figure 3) - The output Flya.
of the phase shifter heterodynes a frequency Fj
of constant phase, so that after several ampli-
fying and filtering stages, we obtain a subcarrier
voltage Sygps the phase of which varies according
to the phase of Fp.,... The frequency Fy is ob-
tained by mixing a subcarrier wave of constant
phase, Sgons with a low frequency wave of constant
phase Fr.

3. Adder (Figure 4) - In the adder, the
output Sy, of the converter is passed through an
amplifier with variable gain and added to the
reference signal S,. The sum is displayed on the
screen of an oscilloscope. Amplitude and phase
of Sygr are adjusted to obtain cancellation. 3o
and are 180° out of phase relative to each
other. This sets the reference angle a, of the
phase shifter. The same procedure is applied to
the signal Sx the phase of which relative to S,
is to be measured and the difference of readings
(@, - ap) on the dial of the calibrated phase
shffter is the phase difference between Sy and S,.

It has already been mentioned that in practi-
cal cases, the reference signal S, and the un-
known Sx are not continuous waves, but sequential
parts of the NTSC signal which do not occur at the
same time, but are repeated periodically at hori-
zontal or vertical rate. In this case, cancel-
lation is obtained only for a certain portion of
the signal. The above described method, however,
is still applicable, as Sy,p is a continuous
wave.

As reference signal in the above procedure,
one uses very often the "color synchronizing
signal": a '"burst" of subcarrier frequency
located on the back porch of the horizontal
blanking pulse. ’

L. Calibrator (Figure 5) - The amplitude of
the phase shifter output Fp, ., is theoretically
independent of its phase and the phasor repre-
senting F. ., describes a uniform rotation over
the whole range. It has been mentioned above
that due to inevitable inaccuracies in the con-
struction of multiphase condensers and in the
circuitry this is not realized too well.
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To achieve very accurate measurements, the
phase shifter must be calibrated. This is done
in the following way: The input to the phase
shifter Fi,,, and the output Fy, are each put
through multiplying channels. ¥§§ outputs of
the two multiplier chains are respectively
constant and variable phase voltages of n times
the phase shifter frequency. (In the equipment
described n = 10. The output of the multiplier
chains is 1.575 mc.) Multiplication of frequen-
cy means also multiplication of phase angles.

The two waves are connected respectively to
the horizontal and vertical deflection channels
of an oscilloscope. We obtain straight lines
for phase differences of ki (k being any integen).
These phase differences correspond to n phase
differences of the phase shifter frequency. With
n = 10, we have 20 check points per revolution.
The check points are 18° apart: as the phase
shifter deviates only slightly from the ideal
linear behavior, linear interpolation does not
introduce noteworthy errors.

Comments on the Operation of the Equipment

The above described method of phase measure-
ments is very accurate. Instabilities in the
system were minimized by keeping the Q's reason-
ably low and detuning the resonant circuits. The
low frequency was generated by a crystal oscil-
lator. The stability of the phase shifter and
other circuit elements is satisfactory.

The accuracy of the measurements depends
considerably on another factor. In spite of
several filtering stages, some amount of S,
works its way through from C to D in Figure 3.
Figure 6 illustrates the resulting phase error.
By careful design, the ratio of Sgon to Sygp at
the output has been reduced to approximately
0.3%. This corresponds to a maximum phase error
of approximately 0.2°0. (See Figure 6.)

Gain variation in the channel must not
influence its phase. The gain is varied by
varying the grid bias of the first amplifier tube
of the adder. This results in a variation of the
dynamic input capacity of this tube which changes
the phase of the preceding cathode follower
output of the converter. By applying a capaci-
tive divider at the input, the change in capaci-
tance has been minimized.

A high-pass filter eliminates the low
frequency components of the signal, so that
different subcarrier frequency components appear
on the scope with common base line. The positims
of the various signal portions can be identified
by using the switch S,, so that the input is
directly displayed. gigure 7 11lustrates the
pictures obtained on the screen of the oscil-
loscope.

The overall error of measurements with the
described equipment is estimated to be of the
order of .59.
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A MONITORING SYSTEM FOR NTSC COLOR
TELEVISION SIGNALS

Charles E.

Page

Hazeltine Corporation
IRE National Convention
March 24, 1953

The color television signal present-
ly specified by the National Television
System Committee is composed of two major
parts, a monochrome or luminance signal
which carries essentially all of the
brightness information, and a 3.579545 mc
color subcarrier which is modulated by the
chrominance or color difference signal in-
formation. The color subcarrier is modu-
lated by the chrominance information in
such a fashion that a change in the ampli-
tude of the color subcarrier may cor-
respond to a change in either the satura-
tion or the brightness of a colored area
or a combination of both. A change in
the relative phase of the color subcarrier
always corresponds to a change in the hue
of the colored area.

Figure 1 shows a color bar pattern
photographed from a dichroic monitor, and
below it the conventional amplitude versus
time display obtained from the cathode
ray oscilloscope synchronized at line
rate. Here we see at the left the hori-
zontal synchronizing pulse followed by
the burst and then by the luminance and
chrominance or color subcarrier com-
ponents of the various bars. We can see
from an examination of this display that
it 1s quite easy to measure the relative
amplitudes of the color subcarrier com-
ponents in the various bars and to com-
pare these amplitudes to the amplitudes
of their respective luminance components.
However, it is difficult to get even a
rough idea of the relative phase of the
color subcarrier corresponding to the
various bars from this sort of a display.
It is therefore evident that this type of
display can provide only a fraction of
the information required for monitoring
NTSC color television signals, and that
additional information regarding the
relative phase of the color subcarrier
at various points in the picture is
necessary. There are many methods avail-
able for the measurement of relative phase
but many of these, while they are capable
of giving results of a high order of ac-
curacy, are rather slow and laborious and
thus not well suited for rapid visual
monitoring purposes. wWhat would really
be desirable is a vector display of am-
plitudes and phases of the color sub-
carrier components in different sections
of the picture. 0One form of vector
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display has been described by Dr.
Schlesinger and Mr. Nero of Motorola.
vector display to be described in this
paper 1s a somewhat different arrangement.

The

Figure 1

Pigure 2 shows the specification of
the color subcarrier component of the
National Television System Committee sig-
nal. Fxamination of this specification
shows that the color subcarrier is
specified as the vector sum of two am-
plitude modulated carriers which are in
time quadrature. This suggests that we
might be able to obtain the desired vector
display by recovering the amplitude modu-
lation components of the two carriers and
then applying them to the horizontal and
vertical plates of an oscilloscope.
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FOR COLOR DIFFERENCE VIDEO FREQUENCIES
BELOW 500 Kc, THE SUBCARRIER SIGNAL
MAY ALSO BE REPRESENTED BY

Esc*

Figure 2

Figure 3 shows an arrangement which
we tried for accomplishing this result.
The color video signal first passes
through a band-pass amplifier which
removes the low frequency monochrome com-
ponents and permits full double side-
band transmission of the color subcarrier
components which then pass to the pair of
synchronous demodulators which cperate in
time quadrature. The outputs of the
demodulators then go through low pass
filters which remove residual cclor sub-
carrier components to the vertical and
horizontal plates of the cathode ray
oscilloscope.
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SIBNAL INPUT SYNCHRONOUS
b bt FILTER
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£
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AMPLIFIER [— SUBCARRIER
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-
-
§ *
=
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LOw Pass
SYNCHRONOUS
& Tor>1 FiLTER
1.4 M¢
Figure 3

Figure Y shows a colored bar pattem
and below it the phasor display which we
obtained with the arrangement which we
have shown in the previous slide. TIf we
start at the center of the phasor display
we can see that the color subcarrier phase
went first to blue at the top of the phasor
diagram, then counterclockwise to magenta,
then to red, then to yellow, then to green,
then to cyan, back to blue, and then to,
white which carries it to the center for
the display. We also see the burst point-
ing directly downward in the -(B-Y)
direction.
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wWell, this sort of a display seemed
to be the sort of a thing we were looking
for, and we felt that if we had some
assurance that the two demodulators were
really in quadrature and that the hori-
zortal and vertical gain settings of the
oscilloscope were correct, that we might
then have some confidence in the thing as
giving us a proper representation of the
amplitude and phase of the various color
subcarrier components.

Figure 4

One common method for checking the
quadrature relationship of a pair of
sinusolidal signals is to connect them to
the horizontal and vertical plates of an
oscilloscope, adjust the gain settings for
equal horizontal and vertical deflection,
and to then check that the resultant
pattern is a circle. By injecting a test
signal whose frequency is 10 Kc different
from that of the color subcarrier fre-
quency Into the demodulators via the band-
pass amplifier, we obtain from the outputs
of the demodulators a pair of 10 Kc
sinusoidal beatnotes which will be in
quadrature if the demodulators are in
quadrature. If we then connect the out-
puts of the demodulators to the horizontal
und vertical plates of the oscilloscope
and properly adjust the gains, the

resultant pattern will be a circle. 1If,



we in addition periodically reverse the
phase of the signal input to one of the
demodulators by 180° at a low frequency
audio rate such as 30 cycles per second,
the oscilloscope display will be a circle
where the demodulators are in quadrature
but will degenerate into a pair of crossed
ellipses whenever the quadrature relation-
ship 1s not correct.

O

GAIN CORRECT § = 90°

®

GAIN INCORRECT § . 90°

GAIN CORRECT & / 90°

&3

GAIN INCORRECT § /90°
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Figure 5 shows the appearance of
this test pattern for various conditions
of adjustment when we are using the 180°
phase reversing scheme. 1In the upper left
hand corner we have the case where the
quadrature relationship is correct, the
oscilloscope galn has been properly ad-
Justed so the resultant pattern is a nice
single circle, 1In the upper right hand
corner we have the case where the oscil-
loscope gains have been adjusted prcperly,
but the quadrature relationship is not
correct, and our test pattern has
degenerated intc a pair of crossed
ellipses. 1In the lower left hand corner
we have the case where the 90° phase
relationship is correct so -that we have a
single pattern, but the oscilloscope gain
settings are not correct so that the
pattern 1s an ellipse with a horizontal
ma jor axis. Here in the lower right hand
corner we have the case where everytning
i1s misadjusted and the pattern has
degenerated into a pair of rather skinny
crossed ellipses. This then is a nice
simple and accurate check for correct
quadrature relationship independent of
oscilloscope nonlinearities and gain
settings and In addition allows us to get
the oscilloscope gain settings correct.
However, this test 1s an accurate test
only if we assure that the 180° phase
reversing amplifier is reversing by

exactly 180°, Fortunately it is easy to
check the 180° reversing requirement.

If we feed both of the demodulators
with the reference subcarrier signal, a
demodulating subcarrier signal in phase,
we obtain the pattern shown in Figure 6.
In the upper left hand corner we have the
case where the relative phase shift be-
tween the two channels s zero producing
the straight 1line which goes from lower
left to upper right and the 180° phase
reversing amplifier Is reversing by exactly
180° producing the straight line going
from lower right to upper left. In the
upper right hand corner of the slide we
have the case where the relative phase
shift between the two channels is still
correct and preducing a straight line but
the phase reversing amplifier is not
reversing 180° thus producing an ellipse
instead of a straight line in the opposite
direction. 1In the lower left hand corner
of the slide we have the case where the
relative phase shift between the two
channels is not correct producing an
ellipse going from lower left to upper
right, but we know that the phase revers-
ing switch is reversing by 180° because
the ellipse which goes from lower right
tc upper left is identical with the other
one. Over here in the lower right hand.
corner we have the case again where every-
thing is misadjusted. The relative phase
shift between two channels is not zero and
the phase reversing switch is not revers-
ing by 180°. Thus we can see from these
figures that it is quite easy to provide a
self-checking arrangement for this equip-
ment.

Ro*0 &,-180° Ro*0 &,/ 180°

%o/0 §,-180° RoNO ¥, \180°

Figure 6
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Figure 7 shows the final arrange-
ment of the equipment which incorporates
the self-checking features which we just
described. The color video signal passes
through an amplifier stage to the band-
pass filter, thence in one channel to the
1800 switching amplifier, in the opposite
channel to a buffer amplifier which is
electrically similar, then to the syn-
chronous demodulators which may be
operated either in phase or in quadrature,
and then through the lcw-pass amplifiers
to the cathode ray oscilloscope. The
test signal passes through a second ampli-
fier to the band-pass filter and then
through the same channels which the video
signal followed. 1In order to provide a
continuous presentation on the cathode
ray oscilloscope the signals are gated as
follows. A gating signal is applied to
the video signal amplifier which turns it
on during 50% of the time. A second
gating signal is applied to test signal
amplifier which turns it on during 50%
of the video signal amplifier off time.
Tn addition the switching signal is
applied to the videc signal amplifier so
that it is turned off whenever the switch-
ing amplifier is in the 1800 positlion,
The oscilloscope then presents on a time-
shared basis the output due to the video
signal input which is the desired phasor
diagram which was previously shown, the
output due to the test signal which will
be a single circle when the adjustments
are proper, and the output for no signal
input which will be a dot at the center
of the display. In addition we thought
that 1t would be nice to have some 900
electrical phase markers incorporated in
the system for checking possible quadrature
errors in the oscilloscope itself. To
accomplish this we take the 10 Xc beatnote
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between the reference signal and the test
signal, multiply it by 4 and pass it to a
gated pulse-forming amplifier which then
produces pulses at a 40 Xc rate during the
time when the test signal amplifier is als
gated on. These pulses are used to pro-
duce 90° blanking markers on the oscil-
loscope display.

Figure 8 shows the complete display
which we obtain from the arrangement shown
in the block diagram of the previous slide
when the input signal is the signal from
an NTSC encoder modulated by the color bar
pattern which was shown In the previous
figures. We see the calibrating clircular
pattern, which at the moment is a single
circle since the quadrature relationship
is properly adjusted, and the phasor -
diagram of the signal which is similar to
the one which we saw previously. You will
note that on the cursor about the dot cor-
responding to the tip of each vector there
is a square which indicates the tolerances
set by the NTSC for the amplitude and phase
of the various color subcarrier com-
ponents. In addition you will note that
the center of the phasor diagram colincldes
with the center dot of the display in-
dicating that no spurious subcarrier sig-
nals are being radiated during white or
black.

Figure 8

Flgure 9 shows the phasor diagram
produced by the complete equipment when
things are not so good. The callbrating
or test circle has degenerated into a
pair of crossed ellipses indicating that
the quadrature relationship between the
two demodulators is not correct and the
dot at the center of the phasor diagram
does not coincide with the dot at the
center of the display indicating that a
spurious subcarrier signal is being
radiated during black in this case in the
-(R-Y) direction.



Figure 9

Since this egquipment requires a
number of auxiliary signals and since it
was felt that the equipment might often
be used for monitoring purposes at
locations remote from the signal
generating source, it was thought
desirable that the eguipment provide its
own signals from the color video signal
Input and here shown in figure 10 we have
the arrangement for the final form of the
equipment. The synchronous amplifier, the
synchronous demcodulators etc. are the ones
that were shown in the previous slide. 1In
the blocks below we have a sync separator
which strips sync from the composite video
signal input, uses it to operate the
switching signal generator for the 180°
phase reversal and generates a cating

COLOR VIOEO
@ SIGNAL INPUT
SIGNAL [
AMPLIFIERS
SYNCHRONOUS
DEMODULATORS
[0
b -
u:::;cron SATING
——
e SwiTCHING OXLLL l
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GENERATOR
|| oscitaton TesT !
ILLA
REFERENCE SIGNAL ‘
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Figure 10
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pulse for the locked osclllator reference
subcarrier generator which is synchronized
to be burst. Then we have the gating
generator which provides the necessary
gating signals, the test signal generator,
and finally the 90° phase marker generaton
In addition to its use for signal
monitoring purposes this sort of an ar-
rangement is of some Interest in

examining the chrominance content of
various colored subjects.

Figure 11 shows a cclored slide
which was photographed again from the
dichroic monitor and below 1t the cor-
responding display produced by thts equip-
ment. The things which are of prominence
as far as the color subcarrier vector or
chromaticity are concerned are the orange
mail box which is producing the vector
which extends from the center toward the
lower left hand corner of the slide and
the next most saturated thing in the
picture, the red mall box which is pro-
ducing a vector which goes nearly
horizontally from the center toward the
left hand side of the slide.

Figure 11

In closing T would like to express
my appreciation to Mr. B.D. Loughlin who
conceived the idea and arrangement of
this equlipment, to Mr. R.P. Burr who pro-
vided the colored slides, and to Mr.
Charles J. Hirsch without whose counsel
and encouragement this paper would not
have been presented. Thank you.



THE DESIGN OF AUDIO COMNSOLES FOR TELEVISION

y
Robert H. Tanner, B.Sc. (Eng.)
Audio Engineer
Northern Electric Company Limi ted
Belleville, Ontario, Canada

During the pa3t year there has appeared a
number of articles and papers relating to the
facilities required for handling the audio
component of a complete television programme,
and some of these have dealt in considerable
detail with the desipgn of specific T.V. audio
consoles, In presenting yet another paper in
this series, it should be explaired that the
equipment to be described has been designed
entirely independently and with an eye to the
peculiar needs of Canada's Radio and Television
set-up, which as most of you will know differs
considerably from that of the United States.
Like so many other things in Canada, radio
reflects features of both the British and the
American method of oneration, It combines a
public corporation entrusted with the task of
bringing radio to as high a proportion as
possible of our scattered population with a
system of private radio stations comparable
with those familiar to you on this side of the
border, Television broadcasting recently
launched in Canada is at the moment being
channelled exclusively through C.B.,C. outlets
but there are indications that in the near
future privately owned transmitters will be
authorized. Needless to say, private stations
are c¢onsiderably more concerned with the
economic aspects of broadcasting than is a
public corporation, and this fact is reflected
in the design of equipment. The first console
I am going to describe to-night was designed
by us to meet a reasonably detailed functional
specification drawn up by the Canadian
Broadcasting Corporation, for use in their
television studios in Montreal and Toronto.
The second is our own idea of a console
flexible and versatile enough to meet all the
needs of the private broadcaster, whether for
AM, FM, or TV,

Before describing the CRC Television
Console, I wounld like to take this opportunity
of expressing our thanks to Messrs W. A. Nichols
and W, C. Little of the CBC Plant Department
for their cooperation and assistance in its
design,

The Console is illustrated in figure 1,
which shows that the front panel is divided
into three sections., The left hand section
comnrises a small jack-field to which are
connected all the programme inputs, which by
means of patch cords or normal connections,
mgy be extended as required to the console's
ten preamplifier inputs, For flexibility,
all incoming programme material is brought to
microphone level so that all inputs may be

treated alike. Jacks are also nrovided on the
inputs and outputs of the 3 programme amplifiers
to allow rapid changeover in the event of an
emergency. It has frequently been stated that
more input facilities are reauired for
television work than for normal sound broad-
casting; this console makes provision for 24
inputs, apart from 4 remote lines, and 10
pre-zmplifier mixing channels., These
facilities it is thought will be sufficient
for even the most complicated of shows.

The centre section is occupied by the
control panel proper with the 10 input faders
mounted along the bottom in groups of 3, 4,
and 3, resnmectively, The two right-hand
channels are equinped with relays for
announcer control, Each group is connected
via its own mixing bus to a sub-master
amplifier and attenuator, a feature which is
of very great use, as for example, in
musical programmes in which the balanced output
from severzal microphones pnicking up an orchestra,
may in turn be balanced with the output from
the soloist's microphone., The 3 sub-master
outputs are again mixed and fed to the input
of the main programme amplifier, the control
for which will be seen immediately to the right
of the volume indicator. This net-work
comprises the main orogramme chain of the
conscle, However, a feature which is believed
to be unique is the provision of two auxiliary
programme amplifiers, which, by means of
selector switches (mounted on the right~hand
parel) may be connected across the outout of
any pre-amplifier, any sub-master amplifier,
or the main programme output of the console,
This connection is made by means of what is
virtually a hybrid circuit, so that, if for
example, one of the auxiliary amnlifiers is
switched to ore-amp number 2 there is negligible
cross~talk from pre-amplifiers one and three,
even though the outputs of all three pre-amps
are connected to the same mixing bus, It is
thought that this feature will be extremely
use ful in many ways, two of which may be
outlined here. It is generally sgreed that
television operation frequently reouires that
a programme originating outside the studio be
fed to a studio loudspeaker so that it may be
heard by those taking part in the production,
Typical examples of such programme are records,
sound tracks of motion pictures, or programmes
incoming on a remote line, With the arrange-
ments incorovorated in this console, it is only
necessary to switch one of the auxiliary
amplifiers to a ore-amplifier or sub-master
handling this programme material and connect



the output of the auxiliary amplifier to a
monitor amplifier feeding a studio loudspeaker.
The signal may simultaneously be fed to the
main programme output, or not, as desired, but
the isolation provided in the console is
sufficient to ensure that no howl-back can
result. Another interesting use of this

feature arises on occasions when a programme is
being transmitted both on sound and T. V.
simultaneously, as is now the case, especially
with some musical shows. It is well known

that the sound accompanying the T, V. picture
of, let us say an orchestra should for

maximum realism vary in accordance with the
picture; for example, if the cameras are
focused on the French horns then the sound
balance should emphasize these instruments,

On the other hand, the listener with no picture
to guide him desires the optimum musical balance
at gll times, With this console the correct
balance of the orchestra may be established on
one group of microphones, and fed via a sub-
master to an auxiliary amplifier and thence

to the sound net-work line., A moving microphone
mounted on a boom and connected to another sub-
master group, can be added to the main programme
output, which of course will be fed to the T, V.
sound transmitter. It is our belief that
experience will evolve many other ways in which
these two asuxiliary amplifiers, together with
their selection arrangements will prove of
great use to the operator.,

The console is equipped with a variable
sound effects filter connected to the output of
pre-amplifier No, 1, As is common for such
devices two controls are orovided, one affecting
the treble end of the spectrum, the other the
bass, In each case five different frequency
responses are gvailable, In a projected re-
design of this equipment, it is proposed to
make this sound effects .filter work at microphone
input level and impedence, thus allowing it to
be patched in as required on any ore-amplifier
channel,

As already mentioned the right hand panel
of the console mounts the two selector switches
associasted with the two auxiliary amplifiers,
In addition, controls are provided for the
operator's head set and monitor loudsneaker,
allowing him to select the programme material
fed to each of these devices, and control their
volume,

With the exception of the circuits used to
provide isolation on the auxiliary amplifier
feeds, the circuitry of the console is entirely
conventional, Figure 2, which shows a rear
view, illustrates the mounting of the unitized
amplifiers as well as such units as repeating
coils, filter coils, etc. Only two types of
amplifiers are used, thirteen of one type for
pre-amplifier and sub-master service, and three
of the other for the main vrogrsmme and
auxiliary amplifiers, In the case of the two
latter a change in ohe feed-back resistor gives
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the additional gain required in this position,
The associated monitor amplifiers and power
supnlies are mounted elsewhere in order to
avoid any hesvy AC fields within the console
itself., Perhaps as a result of this and of
the design of the pre-amplifiers, the console
exhibits a very good performance, especially
as regards noise, with a signal to noise ratio
under normal working conditions of from 75 to
80 db, with AC on all the amplifier filaments.
If these latter are fed from a DC source a
signal~-to-noise ratio of 80 db can be obtained
with the minimum attention to system grounding,
ete,

Figure 3 illustrates the type of amplifier
used in this equipment., Each of these little
units is approximately 2-1/4" wide by 8" long,
and is equipped with an input transformer of
the plug-in variety, so that the input impedence
may be changed as required, to suit the condit-
ions under which the amplifier is working.
Contrary to the practice of several other
manufacturers the amplifiers themselves do not
plug in, but are equipped with soldered
terminals., It is felt that with amplifiers as
reliable as they are to-day, the disadvantages
of the plug in feature outweigh its advantages.
A view of the front of the console with the
panel opened is given in Figure 4, which
illustrates the excellent accessibility of the
design,

We may turn now to the second console,
illustrated in Figure 5 which will be seen
to bear many mechanical resemblances to the one
already described, In its basic form, however,
it is of course considerably smaller, although
the design possesses the unique feature that
two similar units may be joined together in
such a way that they are integrated both
mechanically and electrically to form the
large two channel console illustrated in
Figure 6. With this in mind let us return to
the consideration of the small basic console,
which is equipped with 5 pre-amplifiers, each
with a two-way input selector (the keys to
the left of the colume indicator) thus allowing
as many as ten low level inouts to be connected
permanently to the console. In addition, the
two keys on the extreme left allow any one of
four remote lines to be connected to the left
hand fader. The outputs of the six faders may
be connected as required to either of two
mixing busses by means of the key immediately
over each control (with this key in the central
position the corresponding fader is connected
to a third auxiliary bus which may be used for
cueing purposes), In the small basic console,
only the channel 1 bus is provided for further
amplication in the form of a booster amplifier,
a master gain control (on the right of the
bottom row) and a line amplifier, although if
desired, a similar amplifying chain for channel
2 can be provided externally. Even without
this, however, the embryonic second channel has
a mumber of important uses, For example, the



monitor amolifier which is supplied with this
equipment posse3sses sufficient gain to work
direct from the mixing bus level, so that
channel 2 may be used for auditions, cueing,
etc., Again by connecting the second channel

to an additional amplifier feeding a loudspe sker
in the studio, ond at the same time connecting
it through a small pad to one of the low level
inputs "fold back" operation, as already
described in connection with the first console,
may readily be achieved. The partial block
schematic of Figure 7 will help to clarify this
point.

Very comnlete facilities are provided on
this console for carrying out remote broadcasts
with only one line between the studio and the
remote point. At the same time the control of
these facilities has been kept extremely simple,
with the addition of only one key (immediately
to the right of the volume indicator). In the
central position, remote cue, that is to say,
the output of the monitor amplifier, is fed
to all four remote lines, regardless of the
nosition of the line selector keys, unless of
course ore line is actually transmitting the
programme, With the key in the upper position
the direction of transmission is reversed, snd
all four lines are connected to the input of
the momitor amplifier giving a "multiple over-
ride" condition. Placing the key in the lower
position gives rselected over-ride" from which-
ever line has been selected by the line keys.
Under these circumstances, the nrograme
inout to the monitor may be cut by turning down
the monitor gain control on the front panel of
the console, thus enabling a test to be taken
from the line, without interference from any
other source, In addition to all this, operation
of the talk-back key adjacent to the "over-ride
remote cue" key enables the operator to talk
back down the line to the remote operator.
Should ore or more of the remote lire inputs be
normally associated with ret-work, it is readily
possible to disconnect any or all of these
facilities from the input or inputs concerned.
Although this arrangement is somewhat tricky to
describe in a few words, it is thought that the
functional layout of the controls ig so simple
that an operator will have no difficulty in
mastering it very readily.

An additional facility for which provision
is made although the extra equipment is only
jnstalled as required, provides announcer
control of one pre-amplifier channel. Since the
changes involved are very simple, it is possible
for s station engineer to add this feature at
any time,

The console uses the same amplifiers
already described, and their mounting is shown
in Figure 8, In this case to deal with
situations where the console may be mounted
with its back close to a wall or window, the
frame work mounting the amplifiers is pivoted
and may be swung up to allow maximum accessibil-
ity to all the comporents. Figure 9, which

shows a front view of the console with the
panel opered, again demonstrates the
accessibility of the panel components and of
the telephone type terminal strips, to which
all external connections are made .,

Returning now to the double version of
this unit (Fig. 6) it will be obvious that
this makes provision for as many as 20 low
level inputs and 8 remote lines, any or all
of which may be switched to either channel;
in this case the second booster amd line
amplifier combination is comected to channel
2, thus giving full double channel workinge.
Two monitor amplifiers are also orovided, one
of which is used exclusively for the control
room, while the other feeds speakers in the
studio or studios. Separate keys for talking
back to lines on the one hand and studios on
the other are provided, and while the studio
operator enjoys all the same facilities for
remote cue and over-ride as are given by the
single console, the additional facility is
provided of feeding selected over-ride to the
studio speakers, By connecting the chamel 1
and channel R mixing busses through pads to
two of the low level inputs, "fold-back"
operation may very readily be set-up, without
the use of any additional equipment, and by
similar means it is possible, as in the case
of the CBC console, to feed the two outputs
with differently balanced versions of the
same orogramme., In the double console
provision is made for adding as required
announcer control to either 1 or 2 pre-amplifier
channels,

while it is electrically and mechanically
possible to couple three of these units together
to form an integrated whole, no situation has
as yet been encountered sufficiently complicated
to warrant such a set-up.

Once again monitor amplifiers and oower
supplies are mounted external to the console.
The monitor amplifier is capable of delivering
an output of 15 watts, with less than 2%
distortion, and possesses sufficient gain to
work direct from microphone level, The
regulated nower supply is rated to give a
maximum of 100 milli-amps at 300 volts, with
a no-load to full-load regulation of ¢ 1/5

volt, at any input voltage be tween 105 and
125 volts. Although the use of a regulated
supply of this kind is by no means essential,
it has been found to be of considerable
agssistance in preventing very low freaquency
motorboating when several amplifiers with good
low frequency responses are connected to the
same power-supplye

It is hoped that this short paper will be
sufficient to give at least an outline of the
trend of thirking in Canada regarding the design
of audio equipment for an industry which may
well symbolize a new and exciting phase in the
growth of our Country.
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BUILDING TV BROADCAST FACILITIES

FOR

GROWTH, FLEXIBILITY AND ECONOMY
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New York 36, N.Y.
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SUMMARY- An analysis of a practical,
master plan for the organized development
of a typlical radio station, located in a
medium-sized community, which has entered
lately the field of TV and wishes to com-
bine both facilities in the same building.

ASIDE from certain legal end finan-
cial considerations, the first step in
the design of a building should be the
selection of a site, Site selection is
noted as a design step because the site
determines as much about the form of the
building as any other single factor. The
size of the site may determine whether a
single or multi-story scheme may be used.
conformation of the land, the presence of
rock or water, avallability of utilitles,
relation to adjacent buildings, and
sources of noise are a few of the physi-
cal factors to be considered. No site
should be purchased without the help of
the architect who is golng to design the
building. It is also important to con-
sider the following: accessiblility, ad-
vertising and public relations value, and
tax rates.

Site requirements are much more com-
plex than one is inclined to accept, be-
fore an analysis has been made., If it is
financially possible, it 1s wise to buy
at once a plece large enough for all fu-
ture requirements. The attempt to buy an
adjacent plece' of land at a later date
may be unsuccessful or may cost two or
three times the original land cost. It
is generally believed by laymen thsat TV
is a magic world where limitless funds
are avalilable and any price will be peid.
It is wise to buy once, buy enough, and
buy anonymously.

The subject of antenna and trans-
mitter site location in relation to the
broadcast area and to the station itselfl
is a distinctly separate problem which is
so dependent upon local conditions that
it will not be considered at this time.

There is one word which has become
rather commonplace in & discussion about
the future of TV. That word is expansion.
Everyone agrees that expansion w e
necessary, but there is a concept which
is mentioned less frequently eand which is

72

even more important. That concept 1is
flexibllity, and it implies not only the
possIbIlity of a variety of expansions,
but the rearrangement of existing facili-
ties to form totally new plans, This
brings us to the question of predictabil-
ity of the future of TV, We cannot be
certain .about such factors as the propor-
tion of film to live shows that will be
required to arouse regional interest and
satisfy regional pride,

Our views are based on the assump-
tion that live shows will be required to
provide local interest in a station and
also that some public service programs
must be live; that some form of studio
audience will always be required for cer-
tain types of entertainment; that radio
will depend to an increasingly greater
extent upon recorded material,

Because one's entire thinking in the
planning of & TV station should be ori-
enved toward the ultimate scheme, it seems
appropriate that we should start with a
description of the final stage of growth
and work back to the earlier stages,

In Fig. 1 we have an overall view
of the completed radio-TV bullding.

A ground level plan for this final
stage is illustrated in Fig. 2, The ar-
rows show the points of entry of the vari-
ous types of people who use the bullding.
Control of this compliceted trafflc is
essential and to a large extent this has
determined the form of the bullding.

All facilities for the production of
TV shows are located on one level and no
other traffic is permitted to cross this
area, Sets and heavy equipment are brought
into the storage and workshop area from
the left and eventually are moved onto tle
studio floor from that direction.

Performers enter the building from a
rear parking lot. They go directly to the
dressing rooms and feed into the studlo
area from the right. Costume storage 1is
located with the dressing rooms. The lay-
out also reveals that nowhere can per-
formers and control room techniciens in-
terfere with each other. All the control
rooms are located above.



Administrative and clerical personnel
are restricted to the one-story wing on
the far right, and the few who are author-
ized to enter the production or control
sections can do so at the intersection of
the wings.

The public and business callers are
admitted to the lobby which provides ac-
cess to the studio audience suditorium and
to the general business offices. Control
room personnel would enter through the
lobby and go directly to the upper level
by way of the stair at the hub of the plan.

In every stage of expansion the moblle
units are housed in the rear of the build-
ing. They adjoin one of the TV studios and
might conceivably be used to control a
broadcast from the studio.

The upper level of the fully-expanded
scheme 1s shown in Fig. 3. This second
level occurs only over the central core of
the building. Two TV control rooms with
announcers' booths have direct visual con-
trol over the large studios., Immedlately
adjoining 1s the TV master control and
shop. Directly across the hall 1s the film
bloc. It conslsts of a fireproof film stor-
age room, preview room, processing and
editing group and the actual fllm projec-
tion room. Control for the multiplexers
occurs in the master control room.

Control of the two smaller TV studios
is handled blind, It is becoming increas-
ingly obvious that direct visual control
of a program is unnecessary except in the
case of quite complex assignments. At a
station visited recently, we found a very
large studio with an adjacent control rom
located on the same floor level and equip-
ped. with a large window over the control
consoles. The control personnel had long
since found that from their position 1t
was usually impossible to see large areas
of the studlo becsasuse of intervening sets
and equipment. They had further found that
these obstructions did not handicap them
and had eventually permitted a permanent
set to be erected directly in front of the
window. Control windows are shown only in
the largest studlos and 1n each case, well
above the top of the highest sets.

At one end of the TV control area are
located the art room, offices for program-
ming personnel, engineers, and a lounge
for off-duty hours.

The far end of the upper level 1s de-
voted to radio broadcasting facilities.
The master control room overlooks one of
the large TV studios for those occaslons
when a program is broadcast by both TV and
radio sections. This studio is also avall-
able for certain radlo broadcasts such as
a large choral group or an orchestra, In
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addition, there are three other broadcast
studios including onre small one for inter-
views and news broadcasts. Radio perform-
ers would enter the building at the per-
formers!' entrance in the rear and arrive
at the studio doors via the stair without
having passed through the building.

Across the hall from the control room
1s the recording studio which immediately
adjoins the record library. The news room
which will dispense material to both radio
and TV 1s located directly between those
departments,

The cross-section drawing, Fig. 4,
shows graphically the vertical relation-
ships among the various sections of the
building. All production traffic 1s on one
level and the control rooms overlook the
large studios and operate undisturbed on a
separate floor,

One of the advantages inherent in
this plan is that the distinct separation
of functions into wings and levels permits
the building to be shut down except for a
few essential rooms during the night hours.
At the same time, the elements are brought
together in such a manner that the areas
requiring most wiring and those which pro-
duce the greatest heat load are concentra-
ted for minimum cable length and economi-
cal duct work. Since the building 1s eleb-
orately zoned, only those areas which call
for heating, cooling, or ventilation, are
supplied with such facilities. Heat drawn
from 1lizghts and equipment is used in cold
weather and exhausted in summer.

While mechanical air conditioning
will be a necessity in most climates, it
1s possible to reduce materially the cool-
ing load on this building by the employ-
ment of a few simple devices. Accordingly,
this building features large overhangs
over glass areas, heat absorbent glass,
light-colored wall surfaces, and a roof
covered with brilliantly reflective white
marble chips. This last device alone 1is
capable of reducing roof temperatures by
30 degrees. Additional cooling can be ob-
tained by the use of water spray nozzles
on the roof. The water used is that which
1s recirculated by the alr conditioners.
Shade-producing planting aids in the re-
duction of outslde noise levels as well as
in cooling the building.

Let us now trace the stages of growth
by which the building may evolve. Depend-
ing upon the local demand, the studio aud-
ience may or may not be lncluded, and the
plant operates perfectly withoutv it. At a
slightly earlier stage, the bullding could
exist without the administrative wing. This
1s shown in Fig. 5. During another period,
only the two large studios would exist
without the set storage area; one large



studio would be active and the other would
serve as storage area for all other stud-
ios. The administrative area is also cap-
able of being expanded or reduced or even
eliminated. It can, therefore, be seen
that there are very many possible combi-
nations during the period of growth., Given
a plan which properly begun, it is not
even necessary to foretell the future with
complete accuracy, either in regard to the
type of facilities which may be needed or
the sequence in which the need may arise.

This brings us to the first stage of
construction, which is shown in Fig. 6. As
far as function is concerned, it has been
assumed that we are dealing with a station
that operates almost exclusively on net-
work, film, and remote broadcasts. It would
attempt only simple live broadcasts. An in-
spection of the plan shown in Fig. 7 indi-
cates that the principles of traffic sepa-
ration are already in operation. Perform-
ers enter from the rear parking area and
use the dressing rooms and TV studio or go
directly up to the radio studios. The large
room opposite the TV studio, which becomes
a dressing room in a later stage, is here
shown in use as the prop storage area,
Moblle units are housed adjacent to the TV
studio. The upper level, shown in Fig. 8,
can be recognized as the core of the ex-
panded stage described previously. The film
bloc is almost identical. The TV control
room is more modest in size but already
positioned where it can overlook the large
studio which is to come. Art work and pro-
gramming offices are in the same relative
position they will hold later, but reduced
in size,

The radio facilities hold the closest
resemblance to the final scheme, the only
difference being that here there is a large
studio in place of the small news broadcast
studio seen previously., It will be noted
that the radlo control room gains the use
of the very large TV studio when this change
is made. The studio which separates the
radio and TV control rooms could conceiv-
ably be used for simultaneous broadcasts
of the simple type such as panel discuss-
lons, a lecture or a political speech.

Radio engineers are accustomed to pre-
clsion, but in the main precision is not a
characteristic of the building industry,
Compared with almost any other modern en-
terprise, building is archaic. Buildings
are usually one of a kind and they are
painstakingly erected out of large numbers
of small but heavy units such as brick and
plaster which sre bonded together so in-
separably that they cannot be moved without
being destroyed. Since most building mater-
lals are at least in part fabricated on the
site, the general construction area becomes
for a very long time a noisy and uninhabit-
able place. This is always a serlous dis-
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advantage, but it is particularly diffi-
cult when an alteration or addition to an
existing building is involved. In the case
of a TV station, attempting to maintain
scheduled broadcasts, the completve dis-
ruption of facilitvies would be intolerable.

Expansion and flexibility are weasel
words unless they are accompanied by a
construction method as advanced as the
building's planning.

If we were to try to designate the
characteristics of an ideal construction
material and method, we would ask for: (1)
Strength; (2) lightness; (3) moderate first
cost; (4) economy of future maintenance;
(5) attractive appearance; (6) speed, si-
lence, and cleanliness during first in-
stallation and later rearrangement; (7)
good sound absorption characteristics; (8)
good sound insulation characteristics; (9)
possibility of carrying wiring and cables
within the thickness of walls and floors;
(10) 1004 salvage when walls are to be re-
moved; (11) compliance with most building
codes; and (12) availability in stock form
anywhere in the country.

A material which satisfies alomost
all the requirements we have mentioned al-
ready exists. It is a building panel manu-
factured of steel or aluminum by about a
dozen companies, and has been in use for
several years, mainly in industrial appli-
cations. Its real capabilities have never
been exploited and its use seems to us to
be particularly appropriate in radio and
TV broadcasting bulldings.

The use of one of the several panel
types now available is illustrated in Figs.
9 to l2a.

Fig. 9 1llustrates the ease of erec-
tion of the panels, here being employed
as an interior partition.

A cut-away section of a wall panel
isshown in Fig. 10. Here the type shown
has been perforated on one side and filled
with three inches of fiberglas. As such,
it makes an extremely efficient sound ab-
sorber which protects permanently the soft
absorbent material. This is far superior
to fiberglas contained by wire netting
which 1s often used. Any degree of sound
absorbency can be achieved in a room btuilt
of these panels, i.e., a wall which re-
quired 504 treatment would be composed of
perforated panels alternating with solid
faced ones. Where careful sound insulation
of adjolning spaces is necessary, this can
be accomplished by using two walls slight-
ly separated and isolated both from each
other and from the floors and ceilings.

Fig. 11 illustrates the ceiling and
floor panels which may also be perforated



or not as the occasion demands. Here we
have one material brought to the site com-
pletely assembled and actving both as the
structual floor and as the sound absorber.
These panels are now in use in a large re-
creation building in Binghamton, N.Y. In
this building, an auditorium is located
directly over a bowling alley, and insula-
tion is so effective that no disturbance
reaches the audivorium.

Fig. 12 shows the cellular floor in
its role as a conveyor of wiring and cable,
A predetermined grid is established on the
floor with knockouts at frequent intervals.
It becomes possible to tap power, telephons,
and intercom lines at any point on the
floor. The system is unaffected by the re-
arrangement of walls.,

In Fig. 12a, we have an office using
the perforated panels. These are painted
steel. In areas in which aluminum would be
appropriate, maintenance costs are reduced
to zero.

Our attempt here has been to suggest

to prospective builders of radio and TV
broadcasting stations a means of employing
the benefits of prefabrication and stand-
ardization which are difficult to find in
the building industry today.

We have also tried to establish some
principles for the functional arrangement
of broadcasting stations. We have chosen
as our means a theoretical example, and it
would be well to emphasize that no specific
case could ever be solved in the same way.
Irregularities of the site, relationships
to other buildings, the necessity of build-
ing within an existing structure, use of
existing electronic equipment, and the op-
erating characteristics of each organiza-
tion will mold each building into a dif-
ferent outward form.

The direct cooperation of station
executives, production personnel, engineers,
and the architect will be required to pro-
duce a plan capable of solving its present
problems and of meeting all of the sur-
prises that the growing industry will in-
evitably produce,

Fige 1 - Over-all view of completed radio-TV building.

Fig. 1(a) = Top view of radio-TV structure.
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Fig. 6 - Building in first stage of construction.
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Fig. 9 - Erecting removable steel parel as an interior partition.



Fig. 10
Cut-sway section of perforated panel, filled
with fiberglas for sound absorption.
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Fig. 11
Ceiling and floor panels which may be
perforated or not as requirements dictate.

Fig. 12
Cellular floor which serves as

conveyor of wiring and cable.

Fig. 12(a)
Office featuring use of
perforated removable panels.
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FASHIONS IN TV TRANSMITTING ANTENNAS

Frank G. Kear
Kear and Kennedy
Washington, D. C.

and

John G. Preston
American Broadcasting Company, Inc.
New York, New York

Part 1

With the advent of nation-wide commercial
television operation during the Mid-Forties and
its immediate acceptance by the Puhlic, it
became the problem of the prospective television
broadcaster to get his station on the air as
rapidly as possible and with the equipment then
available. The industry was prepared for this
and produced the necessary quantity of television
transmitters, antennas and studio equipment to
meet this demand. By the time of the so-called
“Freeze", equipment had been standardized and in
particular, the antennas in use were limited to
those having from three vertical bays up to a
total of six vertical bays. The power output of
the transmitters was limited but there was like-
wise a limit on the effective radiated power and
an even greater limit was imposed when the height
of the antenna exceeded S00 feet. Because of
these limiting factors, the service provided by
the available equipment and antenna system was
generally satisfactory and in the cases where
television coverage appeared inadequate it was
generally ascribed to the transmission charac-
teristics of the very high frequencies.

Although practically all of the 100-odd
stations operating at the time of the "Freeze"
had antenna heights of 500 feet or less, there
were a few exceptions, notably those on Mount
Wilson, near Los Angeles, and in particular,
KECA-TV, the Los Angeles operation of the
American Broadcasting Company. Operation from
this point gave what was probably the first
definite indication of the need for control of
the radiation pattern of the .transmitting an-
tenna. The studies undertaken during the
"Freeze" on the need for correcting the Mount
Wilson situation laid the groundwork for the
solution of the problems presented at the termi-
nation of the "Freeze" when increases in allowed
power and increases in antenna height emphasized
the necessity for controlled radiation,

The first television antennas were designed
to augment the effective power of the relatively
low-powered transmitters then available by con-
centrating the energy along the horizon. This
of course was only accomplished by reducing the
energy radiated in other directions but with the
limited gains then contemplated and the limited
antenna height of 500 feet or less, this intro-
duced no problem,
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Figure 1 shows a portion of the vertical
directivity pattern of a typical three-bay
superturnstile antenna. It will be noted that
from a maximum along the horizon the field tapers
off gradually until it reaches the value of ten
per cent of the maximum field at some 15° below
the horizon. The field does not drop off to a
null until an angle of 199 below the horizon is
reached. If we refer now to Figure 2 we can
interpret the effect of this drop-off in field
in terms of the distance from the transmitter
at which serious effects may be noted. It will
be seen that for an antenna height of 500 feet
the field does not decrease to the ten per cent
value until one is within 0.3 mile of the trans-
mitter. For most transmitter locations this
would not create a noticeable area of low signal.
However, if we increase the antenna height to
1000 feet the drop-out occurs at 0.6 mile and
for 2000 feet it is 1.2 miles from the trans-
mitter. At these distances the area of low
signal is more likely to lie in populated dis-
tricts.

If now we wish to obtain more effective
radiated power by employing an antenna of greater
gain, we might use a six-bay or even a twelve-
bay antenna. This would provide quite high
values of effective radiated power with rela-
tively low investment so far as transmitter costs
are concerned. However, if we refer now to
Figure 3 which shows the vertical pattern of the
six-bay antenna and of the twelve-bay antenna
superimposed on that of the three-bay antenna,
it will be seen that the rapid decrease in field
as we go below the horizon might well introduce
serious problems, particularly at antenna heights
of 1000 feet or more. The twelve-bay antenna,
for example, has three complete nulls, occurring
at roughly 59, 99 and 14°, before reaching the
first null of the three-bay.

Figure L is a plot of the calculated field
intensity against distance for a three-bay an-
tenna and for a six-bay antenna with an effec-
tive radiated power of 100 kw in the frequency
range 54-88 mc, and an antenna height of 500 feet.
The effect of the nulls in the pattern is very
apparent; however, they are still very close to
the transmitter and in many cases would be un-
noticed. If we refer to a situation more typical
of present planning we should consider Figure 5,



which shows the calculated field intensity versus
distance with 100 kw effective radiated power
(i.e., along the horizon) and with an antenna
height of 1000 feet for the three-bay antenna and
for the twelve-bay antenna. It should be noted
particularly that the major limitation of the
twelve-bay antenna is not so much the existence
of the additional nulls but rather is directly
related to the rapid decrease in radiated field
at very small angles below the horizon. Since
complete nulls are rarely present in practice due
to slight inaccuracies in tuning and adjusting
the antenna, it has frequently been maintained
that there will be no adverse effect on coverage
if the twelve-bay antenna were employed rather
than, for example, the three-bay. Inspection of
Figure L reveals the fallacy of this argument.
Even if we were to assume the null to be filled
in to a value equal to the peaks of the lobes,
the field from the twelve-bay antenna remains
substantially constant from a point five miles
away from the transmitter to within a half mile
of the transmitter, whereas that from the three-
bay antenna continues to rise (under the same
assumptions as to null £ill-in) in to the trans-
mitter site. From a competitive viewpoint this
is an important factor which cannot be over-
looked. If a ratio of signal intensities between
two otherwise comparable transmissions is of the
order of 5 to 1, viewer preference will invari-
ably select the strong signal. When, in addition,
the field drops out in the presence of the nulls
to the extent normally found in practice, this
ratio may exceed 20 to 1.

Figure 6 shows a similar comparison to that
of Figure 5 with the exception that the antenna
height has been increased to 2000 feet. Here
again a rapid fall off in signal as well as the
presence of nulls, even though those nulls may be
partially filled in, produces relative field in-
tensities within the first ten miles of the trans-
mitter which strongly favor the three-bay antenna.

If now we consider the UHF situation, where
available transmitter power is relatively low and
admittedly inadequate at the present time, we hawe
an even more difficult problem. Here we are con-
sidering antennas with gains of the order of 15
to 25. Such gains are required at present in
order to meet reasonable effective radiated power
values, but they are misleading in that no ap-
preciable field is radiated at other than angles
very close to the horizon; consequently, the
coverage problem becomes even more acute, par-
ticularly with antennas of substantial height.

Fortunately, we have at hand a means for
correcting this situation; that is, the applica-
tion of directional antenna design such as is
commonly used in standard broadcasting. By
application of the same formulas and principles
presently used to compute directional antennas
where the directivity is in the horizontal plane,
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we may adjust the directivity in the vertical
plane until we arrive at an optimum distribution
of such radiation. It is, of course, impossible
with a physically realizable structure, to ab-
stract all of the energy ordinarily radiated
above the horizon and direct it below; however,
it is possible to change the shape of the direc-
tive pattern materially and approximate this
condition.

The procedure to be followed in order to
arrive at a suitable antenna configuration is
similar to that employed in determining upon a
suitable pattern for standard broadcasting. Pro-
files are prepared in the various directions in
which service is important or those directions
possessing physical characteristics which indi-
cate necessity for special study. From these
profiles a plot of distance versus angle below
the horizon can be prepared. The minimum field
which would be acceptable at the important points
along each profile must next be determined,
basing this determination upon the nature of the
terrain, density of population and the type of
building construction to be encountered.

Particular attention must be paid to the
point beyond which the coverage becomes less
important in order to determine the extent, if
any, to which the main lobe of the antenna may
be depressed. These data permit calculation of
the desired unattenuated field which should be
radiated at each of the pertinent angles below
the horizon. By suitable adjustment of the field
ratios and phasing between the various elements
of the antenna, the vertical directional pattern
is then made to conform as nearly as possible to
the values previously determined to be necessary.
Obviously, the more elements employed, the more
flexible the pattern; however, in general it has
been found from weight, size and complexity con-
siderations that six elements are satisfactory
under many conditions, and that twelve represents
for VHF a reasonable maximum number.

Part II

Let us consider, for example, a six-bay an-
tenna as modified for use by KECA-TV, of the
American Broadcasting Company, on Mount Wilson.
The standard six-bay antenna divides the power
equally above and below the horizon and has its
first null 9.5° below the horizon. As located
on Mount Wilson this null coincides with the
location of the city of Pasadena, an important
service area. Furthermore, the extreme limit of
service to the west is at the land's end, some
31 miles from Mount Wilson, and this is 20 below
the point of maximum radiation of the standard
six-bay antenna, Figure 7 is a typical profile
from Mount Wilson with the areas to be served and
depression angles marked thereon.

By various devious means we determine upon



the following field ratios and phase relations
between the elements of a modified six-bay an-
tenna for Mount Wilson:

TABLE I

MODIFIED é-BAY SUPERTURNSTILE ANTENNA

Bay Field Ratio Phasing-Degrees
1 (Bottom) 1 -35

2 1 -5

3 2 0

b 2 30

S 1 +35

6 1 *65

With this configuration the antenna produces
a pattern shown in the solid line in Figure 8.
Here the dotted line represents the conventional
three-bay antenna with unity field ratios and
excited in phase. Inspection of the two curves
discloses the fact that the first null of the
modified six-~-bay antenna now occurs at approxi-
mately the same point as that of the three-bay
antenna and furthermore, that the peak of radia-
tion from the array occurs at 2.5° below the
horizon, so that a maximum amount of energy is
directed over the service areas desired and the
region of very low fields in the Pasadena area
has been eliminated. Figure 9 shows the computed
fields westward from Mount Wilson for the stand-
ard six-bay antenna and the modified antenna.
The degree of improvement is apparent. It should
also be noted that with the antenna modified in
this fashion the power radiated below the horizon
is 2.1 times the power radiated above the horizon
which is a marked improvement in eff'iciency.

The redistribution of energy results in de-
creasing the gain of the six-bay antenna structure
to approximately 80 per cent of the gain figure
for the in-phase antenna; however, it is adequate
to permit the use of a reasonably powered trans-
mitter and still obtain the maximum effective
radiated power pemitted by the FCC.

A different type of problem is encountered
when we consider operation in the high frequency
portion of the VHF band with antenna heights lower
than the value at which a reduction in power is
required. In this case it is desirable to main-~
tain a figure for the overall gain which will per-
mit achieving an effective radiated power of
316 kw with a transmitter power of 50 kw. Taking
into account transmission line losses, harness
losses, etc., this means that a pattern gain of
at least 7.5 must be maintained. A twelve-bay
antenna was selected as possessing sufficient
elements to have a reasonable degree of flexi-
bility and at the same time having a gain in the
in-phase condition high enocugh so that the re~
phasing and redistribution of element power would
not reduce it below the 7.5 figure.

Let us consider a specific case. It is
proposed to operate KGO-TV, the American Broad-
casting Company station in San Francisco, Cali-
fornia, with an effective radiated power of
316 kw and to locate the antenna on a 700-foot
tower which is in turn located on top of Mount
Sutro. This gives an effective height for the
antenna of 1550 feet. Profiles were drawn in
the various pertinent directions from the Mount
Sutro site and the unattenuated field required
to establish a minimum field of 150 mv/m along
each profile to the point where attenuation
takes control was determined. This value of
‘150 mv/m was selected as representing a value
high enough to provide a good service signal
throughout the heavily built-up areas of San
Francisco and Oakland.

The equations for the pattern of a twelve-
section antenna were then adjusted until the
required unattenuated field was obtained. The
following table represents the combination
finally arrived at:

TABLE II

MODIFIED 12-BAY SUPERTURNSTILE ANTENNA

Bay Field Ratio Phasing-Degrees
1 (Bottom) 1 0
2 1 0
3 1 0
b 1 0
S 2.L -30
6 2.h -30
7 2.L +30
e 2.L +30
9 1 0

10 1 0

11 1 0

12 1 0

Figure 10 shows a portion of the vertical
plane pattern of a standard twelve-bay in-phase
antenna and the modified pattern selected for
Mount Sutro. The gain of the antenna thus modi-
fied is approximately 7.6, which will permit an
effective radiated power of 316 kw with a 50 kw
transmitter. The field produced by these two
antennas was calculated and is shown on Figure 11.
It will be noted that the field does not drop
below the 150 mv/m value until one is within
0.5 mile of the antenna, whereas the standard
antenna shows numerous areas in which the field
would be far below this value,

When we examine the problem of UHF coverage,
the factor of total available power assumes an
important position. Although the Federal Com-
munications Commission authorizes effective radi-
ated powers of up to 1000 kw for UHF stations,
present-day transmitters will not permit us even
to approach this figure without absurdly high




antenna gain figures. The problem at the present
time is to find the best possible distribution

for a total available power of 1000 watts to 12kw
in order that UHF stations going on the air in the
immediate future will establish a field intensity
coverage pattern which will permit them to ap-
proach competition with VHF.

As an example of one such problem, we have
WAKK-TV in Akron, Ohio. Here the transmitter is
located on a rooftop in the center of the business
district. This is desirable in that all of the
high values of field intensity cover areas which
need these values, but it imposes an additional
problem in that the presence of nulls or sharp
decreases in field close in to the antenna would
make the coverage ineffectual.

Several companies collaborated in devising a
UHF antenna which would provide service for
WAKR-TV, The one finally selected was a TFU-2L-Ri
(slot-type radiator). This antenna is made up of
sixteen sections and by dividing the power un-
equally between the upper ten and the lower six
sections and suitably phasing the driving system,
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a directional pattern was achieved as shown in
Figure 12. It will be noted that the main beam
is depressed one degree below the horizon and the
nulls are filled in down to at least fourteen
degrees. The gain of this antenna computes to be
79% of the standard untilted antenna; that is to
say, 79% of 24, or 19.

The computed field intensity produced by this
antenna with an effective height of approximately
350 feet and a total power input to the antenna of
1000 watts, is shown in Figure 13. The close-in
field out to the point of noticeable attenuation
is maintained very close to 100 mv/m. While this
is still a marginal field in a competitive market,
it represents what is believed to be the best dis-
tribution of the available energy. It is the more
acceptable since there is reason to believe that
transmitter powers of 10 to 12 kw will be avail-
able within the next twelve months, which if used
in connection with this antenna would increase the
close-in field to an average of 300 mv/m. This
compares favorably with the value of 100 to 200
mv/m used as a design minimum in one of owr VHF
illustrations.
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Calculated field intensities. Typical
3« and 12-bay antennas for
2000-foot effective height.
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HIGH GAIN AMPLIFIERS FOR
HIGH POWER TELEVISION TRANSMITTERS

John Ruston
Allen B, Du Mont Laboratories, Inc.
Clifton, N. J.

Introduction

The design of broadband power amplifiers for
TV transmitters is restricted by the availability
of tubes suitable for operation in the very high
frequency bands, it being necessary to design an
amplifier around one of a very limited number of
suitable types. Among the main requirements of a
suitable tube are very low inductance connections
to the electrodes and very good shielding between
the input and output electrodes, These two
recuirements are met by the ring seal type of con-
struction which is now used almost universally in
the higher power tubes intended for VHF operation,
This construction enables one electrode to be used
as a shield between the input and output circuits,
complete continuity with an external shield being
obtained by connecting it to the ring terminal of
the tube. High power tubes of .this construction
heretofore available have all been triodes in
which the grid is used as the shield. This necess-
itated the use of the grounded grid circuit with
its inherently low power gain, Now that high power
ring seal tetrodes have become available, it is
possible to obtain very much higher power gain
since the shielding between input and output cir-
cuits can be provided by the screen thus enabling
a grounded cathode circuit to be used.

In this paper, it is proposed to examine the
theoretical and practical potentialities of the
new high power tetrode, particularly as regards
power gain, when used in broadband linear amplifi-
ers for TV transmitters,

Theoretical Performance

Simplified Circuit

The simplified grounded cathode tetrode ampli-
fier shown in fig. 1 has the tube input capacitance
Cy and output capacitance Co resonated by exter-
nal inductances Ly and L, respectively. DC
isolating capacitors, etc. have been omitted so
that only the basic rf circuit is shown, It is well
known that in order to obtain a bandwidth Af in
the input circuit, its loading must be equivalent

to a shunt resistor R; where:
R -
' 2nafC, (1)

The effective output load resistance Ry is
usually the value which gives maximum signal power
output from the tube (without exceeding its rated
anode dissipation) as determined by drawing a
suitable load line on its constant current charac-
teristics+» The resistance determined in this

way will generally be less than _— ! ___ so that
2w AfCo
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the output circuit bandwidth will be adequate. If
this is not so, then R, must, of course, be
reduced to give the desired bandwidth and a lower

power output accepted.

From the load line, the peak rf grid voltage
E, required to give the maximum power output Wo
can be determined in the conventional way. The
pover gain at bandwidth Af is then W, divided by
Ee
2R,

Maximum Tube Capability

An indication of the power gain possible in a
practical high power TV amplifier can be obtained
by examining the constant current characteristics
of the Eimac type L4LW20000A tetrode as shown in
fig. 2. The load line OS has been drawn to show
the dowmward swing of the anode voltage at sync
peak level, i.e., the half cycle during which
anode current flows in a class B amplifier, Point
0 corresponds to the maximum rated dc anode voltage
of 8000 and to a dc grid voltage of <180 which is
suitable for class B operation. Point S corres-
ponds to an anode potential of 1500 volts below
which the characteristics bend upwards and would
result in sync compression, The peak rf anode
voltage at sync peak level is thus 6500 volts and
consequently at black level it is .75 x 6500 =
4,875 volts, The minimum anode potential at black
level is then 8000 - 4875 = 3125 volts, corres—
ponding to point B. The slope of line OB, repre-
senting the downward swing of the anode potential
at black level, is adjusted so that the anode
dissipation is 20 Kw, the maximum rating for the
tube. The slope of line OS is then adjusted so
that it represents the same load impedance as that
determined by OB. The lines do not guite coincide
because of the somewhat non-uniform spacing of the
constant current curves, This results in some
slight sync stretching which is compensated by
reducing the relative sync amplitude of the trans-
mitter video input signal.

From the load lines 0S, OB the following data
can be computedl, 2

Sync Level Black Level

Anode current - amperes

Peak rf 23 17

Peak rf fundamental 10 7.6

DC 6.4 4,78
Anode power - kilowatts

Input S51e2 38.2

Output 32.5 18,2

Dissipation 18,7 20
Peak rf grid voltage 350 280

Output. load impedance = é%gg = 650 ohms



The tube input and output capacitances are
125 uuf and 23 uuf respectively and hence:

Output circuit bandwidth = 10.8 Mc
For an input circuit bandwidth of 5 Mc:
Effective input load Rl = 255 ohms

2
RF driving power at sync level = _32C° = 240 watts
2X255
Power gain = 22990 = 136
24,0

Input Circuit Loading

The above data shows that with a bandwidth
suitable for TV transmission the maximum peak power
capability of the tube is 32,5 Kw at the unusually
high power gain.of 136, The design of a practical
high power amplifier then becomes a mechanical pro-
blem of devising a physical layout which represents
the simple electrical circuit of fig., 1. For the
output circuit, an adjustable inductor can readily
be designed and connected to resonate the tube out-
put capacitance., A loading resistance can then be
coupled to the inductor. The input circuit appears
at first sight to present two major problems:

(a) to connect a loading resistance capable of
dissipating 240 watts without changing the circuit
reactance and (b) to obtain an rf ground on the
cathode which is inside the tube and separated from
the cathode terminal by an appreciable inductance.,
Fortunately, these two problems mutually resolve
themselves since an inductance between cathode and
ground effectively loads the input circuit.

In fig. 3, the circuit of fig, 1 is eclaborated
to show the grid and cathode lead inductances Lg
and L x respectively so that external connections
are made to the tube at points G and K, The screen
to grid capacitance is neglected for the moment and
the input capacitance C, is then the grid-cathode
capacitance of the tube,

If an rf ground is connected to the input cir-
cuit such that the total inductance between cathode
and ground is L, then it can be shown3 that the
input circuit loading is equivalent to a shunt

resistance R, where:
= ! 3000 00 G0 0B aa oo
Ry = &7c 9m (2)
From (1) and (2)
Aw
L = o — 9m

Where: w = angular operating frequency
gm = effective tube transconductance
Aw= 27T Af

When suitable numerical values for the type
4120000A tube are inserted in this formula, it is
found that for a 5 Mc bandwidth the inductance L
is equal to the cathode lead inductance Lk rat
about 90 Mc, Hence, at low band TV frequencies
(57-85 Mc), additional series inductance Lg is
required external to the tube, and so the rf ground
is placed at point B in fig. 3. At ‘high band TV,
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frequencies, L is less than L, and so the rf
ground is placed at A, and the effective inductance
between cathode and ground is reduced by adding the
series capacitor C. This tends to reduce the band-
vidth, and when the loading is increased to offset
this, the power gain is reducsd by a factor e ii_.

+ L
However, the theoretical power gain obtainable at
200 Mc is still of the order of 100,

It is interesting to note that the type of
operation depicted in fig. 3 is intermediate
between grounded cathode and grounded grid opera-
tion, If the rf ground is moved from the cathode,
round the inductive part of the circuit to the grid,
the bandwidth progressively increases and the power
gain decreases, By controlling the position of the
ground, the bandwidth or gain can be adjusted to
the optimum for the particular application. This
approach also makes apparent the effect of the
grid-screen capacitance C;¢ which was previously
neglected, It is evident that the effective input
capacitance to be used for computing bandwidth is
the grid-cathode capacitance plus some fraction of
Ces « This fraction decreases from unity when the
ground is at the cathode to zero wher the grid is
groundel,

Construction

At low band TV frequencies, it is quite prac-
ticable to construct an amplifier having a circuit
like that in fig. 3 and with a performance
approaching that previously calculated. The type
of construction employed in a commercial high power
TV amplifier presently being produced® is shown
diagramatically in fig. 4. The rf circuit is con-
tained in a shielded compartment which is divided
into input and output sections by a horizontal
grounded partition. The type LW20000A tube is
mounted with the anode downwards and with the grid
and cathode terminal rings projecting up through a
hole in the partition. Spring fingers connect the
screen terminal ring to a plate which forms a
bypass capacitor with the underside of the parti-
tion, the ‘plate and partition being separated by
sheets of teflon. The dnode tuning inductor, con-
sisting of two pieces of tubing joined by a movable
shorting bar, is connected between the anode termi-
nal and another plate which forms a bypass
capacitor with the under side of the screen plate.
The anode circuit is inductively coupled to an out-
put circuit consisting of a similar type of
inductor resonated by an air dielectric capacitor
on the underside of the partition, Coupling can be
adjusted by swinging the output inductor as indi-
cated in the diagram, An adjustable capacitor
couples the output circuit to the coaxial output
transmission line. The anode and output circuits
are adjusted as a pair of slightly over coupled

tuned circuits to give a substantially uniform response,

an adequate bandwidth and at the same time, provide
the optimum load impedance for the tube,

In the upper section of the shielded compart-
ment, the grid ring terminal is connected by spring
fingers to a circular plate supported on insulators



from a grounded bracket. The input tuning inductor
connected between grid and ground consists of two
parallel strips joined by a movable shorting block.
A dc isolating capacitor is built into the lower
strip, and the bias voltage is applied through an
rf choke, RF drive is fed in through a flexible
coaxial line which is tapped on to the input tuning
inductor as shown. Spring fingers connect the
cathode terminal of the tube to a plate supported
on insulators above the grounded bracket. This
plate is connected to ground through an adjustable
inductor consisting of another pair of parallel
strips joined by a movable shorting block.

The inductors all have sufficient range of
adjustment to cover the low band TV channels 2 to
6, the shorting bars being preset for the channel
on vhich the amplifier is to operate, Fine tuning
of the input, anode and output circuits is obtained
by means of small variable capacitors (not shown)
operated by control knobs on the front of the unit,
The position of the shortirg block on the cathode
inductor is determined by the amount of loading
required on the input circuit,

Input Impedance

The tapping point on the input circuit for
comnection of the input cable is chosen so that the
latter is approximately terminated by its surpe
impedance. However, since the input circuit load-
ing is not very heavy, the terminating impedance
will vary considerably over the passband which
means that the driver unit supplying the inout
power will not be operating into a constant resist=-
ive load, The output of the driver unit with which
this amplifier was designed to operate5consists of
a pair of slightly overcoupled tuned circuits
coupled to a 51.5 ohm coaxial output line., Hence,
vhen a short length of coaxial cable is connected
betvwernn the driver output and the amplifier input,
the system becomes virtually a triple tuned circuit
in which the coupling between the second and third
circuits is a low impedance link, The system can
then be aligned by using the conventlional procedure
for triple tuned circuits,

Performance

The performance obtained from the amplifier
can, by careful adjustment, be made to agree quite
closely with the theoretical figures. A peak power
output somewhat greater than 30 Kw can be obtained
with an all black picture without exceeding 20 Kw
anode dissipation; so, in order to allow a reason-
able safety factor the amplifier is rated for a
maximum peak power output of 25 Kw. It was not
readily possible to measure the power gain accur-
ately because the driver was not operating into a
resistive load, and so the driving power under
normal operating conditions could not be measured
directly; but, it was estimated that a power gain
exceeding 100 could be obtained with adequate band~-
width for TV broadcasting. However, since the amp-
lifier was designed to be driven by an existing
driver unit having a rated peak power output of 500
watts, the amplifier is normally operated at a
power gain of the order of 50,

Lower Sideband Re-insertion

It is an advantage if, irn a TV transmitter,
the necessary lower sideband attenuation can be
obtained in the lower power stages because the
filters required are then simpler and less costly.
However, any non-linearity in the amplifiers
following the filter can cause re-insertion cf the
lower sideband. It can, for instance, easily be
shown that if an amplifier input signal contains
only frequencies f. and f, + f,, then a non-linear
relationship between grid voltage and anode current
can result in anode current components of frequency
fo - £, o This will occur in the case of a single
ended class B amplifier since non-linearity is
inherent in the method of operation which produces
an anode current waveform consisting of the grid
voliage waveform with one half clipped off. The
level of the lower sideband voltage present in the
amplifier output is not readily amenable to calcu-
lation since the re-inserted voltage depends upon
the anode circuit impedance, a&nd it may augment or
reduce that due to any lower sideband in the input
voltage. However, it appears that in a grounded
cathode amplifier the lower sideband voltage pre-
sent in the output will generally exceed the maxi-
mum permissible irrespective of the amount in the
input signal. The inclusion of an inductance
between cathode and ground will evidently have a
degenerative effect on the inserted sideband cur-
rents in the same way that it has the effect of
loading the input circuit for the normal input
signal, Here again, the amount of degeneration
cannot be readily calculated since it depends upon
the magnitude and phase angle of the section of the
input circuit "seen" by the current, This in turn
is modified by the coupling to the driver output
circuit. It is, however, apparent that for a given
set of conditions the degeneration will be propor-
tional to the magnitude of the cathode inductance,

The existing driver unit used with the 25 Kw
amplifier described above already had a built in
lover sideband filter so it was most desirable that
the lower sideband re-insertion in the amplifier
should be kept to an acceptably low level. It was
found that when the cathode inductance was such as
to give the maximum power gain of about 100, then
the overall lower sideband attenuation was not
quite sufficient, being of the order of 18 db. A
reduction of the power gain to about 50 increased
the attenuation to the acceptable figure of 22 db,
It was fortunate that this was the power gain
required in the amplifier to give a comfortable
operating power level in the driver,

Feedback and Stability

It is practically essential in a broadband TV
amplifier that the feedback from output to input
circuits be maintained at a very low level in order
to avoid appreciable interaction between the tuning
of the circuits when their passbands are being
adjusted. If this requirement is satisfied, it
will automatically preclude self oscillation of the
tuned grid tuned plate variety at any frequency in
the region of the operating frequency. Oscillation
at any other frequency can of course be dealt with



by the usual procedures for eliminating parasitie
oscillations,

With the ring seal type of tube construction,
coupling between input and output circuits external
to the tube can be virtually eliminated. The
remaining causes of feedback in the tetrods ampli-
fier herein described are then: (a) anode to grid
capacitance, (b) screen lead inductance, (c) anode
current, If only the anode to grid capacitance is
considered and the criterion for the maintenance
of self oscillation is applied®, it is found that
when the power gain is 5Q, oscillations cannot be
maintained below about 200 Mc, The amplifier would
then be stable at low band TV freguencies, but the
feedback voltage would be of the order of one third
the input voltage and interaction between the tun-—
ing of input and output cipcuits would be excessive,
However, it has been shown! that the screen lead
inductance, i.e., the inductance between the screen
electrode and rf ground, tends to neutralize the
anode-grid capacitance, and at some frequency
usually in the VHF band the tube is completely self
neutralized. With the type 4W20000A tube mounted
in the circuit depicted in fig. 4, the self neutra-
lizing frequency is in the low band TV region, and
the feedback is satisfactorily low over the whole
band, No adjustment of screen to ground inductance
is necessary. The final possible cause of interac-
tion between the input and output circuit tuning,
i.e., anode current, is negligible in a tetrode
amplifier because the anode current is substantial-
ly independent of anode load impedance. This is in
contrast to a triode amplifier in which consider-
able anode current variation occurs with change of
ansde loading, This results in variation of input
circuit loading whenever the anode circuit is
ad justed unless special precautions are taken to
overcome it,

Conclusion

Both theoretical considerations and results
obtained with a practical amplifier have shown that
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power gains up to 100, at a peak power output
exceeding 30 Kw, can be obtainei in the final amp-
lifier of a TV transmitter using the new high power
tetrode tube, Variable input circuit loading,
obtainel by means of a variable inductor connected
between cathode and ground enzbles the bandwidth
or power gain to be adjusted as desired. By reduc-
ing the power gain to about one half, the maximum
obtainable, lower sideband re-insertion can be
reduced enough to permit the inclusion of the lower
sideband filter in the low power driver unit, As a
result of the self neutralizing characteristic of
the tetrode tube, the amplifier is very stable and
there is negligible interaction between input and
output circuit tuning.
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OPTIMUM UTILIZATION OF THE
RADIO FREQUENCY CHANNEL FOR COLOR TELEVISION

R. D. Kell and A. C. Schroeder

RCA Laboratories Division

Princeton, New Jersey

ABSTRACT

To produce a simultaneous television image in color,

cation channels must be available.

transmit the scene brightness,

and the third the hue or color.

mitted as amplitude modulation in the usual vay.

three communi-

The first of these may be used to
the second the degree of color saturation,

For compatibility the brightness is trans-

A subcarrier is intro-

duced to carry the other two pieces of information as amplitude and phase

modulations.

The optimum loading of these two auxiliary communication

channels is the major consideration of this paper.

In order to have a proper understanding of
some of the color television transmission
standards now being field tested, it is well to
review the basic thinking that has gone into
their makeup. We can now transmit in the same
radio frequency channel a picture in color hav-
ihg practically the same detail as the present
monochrome pictures. To do this we have had to
make the most of our knowledge of communication
engineering and a new field of study involving

the subjective characteristics of normal vision.

The basic characteristics of the color
television system now being field tested may be

summed up as follows:

First: The signal is so arranged as to obtain
compatibility with the present mono-
chrome receivers. .

Second: The signal has a minimum of redundancy.

Third: The signal make-up takes full advantage

of the characteristics of vision. Under

this there are three sub headings:

(a)

needed in large areas.

Three color vision is provided and

(b)

Two color vision along a preferred
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locus is provided and needed for inter-

mediate area detail.

(c) No color information is provided or
needed in small detail.

In the next few minutes I will review how
these basic characteristics have been integrated

into a practical color television system.

To produce a television picture in color,
three video signals must be produced in the re-
ceiver. The first representing the detail and
color content of the red components of the
original scene. The second representing the
the same information relating to green, and the
third the information relating to the blue com-
ponents of the scene. These three signals are
the result of an analysis of the original scene
The

communication problem is that of transferring

into red, green and blue components.

this information from the studio to the receiver
with the greatest possible efficiency.

the first
relates to the transmission of the information

There are two parts to this;

with a minimum of redundancy; while the second
concerns itself with assuring that only infor-
mation useful to the eye is presented to the
Each of

communication channel for transmission.



the red, green and blue components of the scene
to be transmitted contain brightness information
as well as color information. To satisfy the
requirement of compatibility, the brightness
of the scene must be transmitted as amplitude
modulation of the carrier in the normal way.
This brightness signal is made up by adding the
red, green, and blue signals in such proportions
as to produce a signal representing the visual
luminance of the scene. When transmitting the
brightness components of the three color separa-
tions in this way, it would be redundant and a
waste of communication channel to also transmit
the same brightness information combined with
the color information. To remove the brightness
components from the color separations the bright-
ness signal 1s subtracted from each of the red,
green and blue color .signals. This produces
three signals representing red minus brightness,
green minus brightness andblue minus brightness,
or stated simply the three signals represent R-Y,
G-Y and B-Y.

mitted to the receiver along with the brightness

I1f these three signals were trans-

signal, signals corresponding to red, green and
blue could be recovered by simply adding the
brightness signal toeach of the three. However,
the transmission of four pieces of information,
when only three are required, would again repre-
sent the transmission of redundant information.
The signal representing the green separation can
be obtained at the receiver by subtracting the
sum of the red and blue signals from the bright-
ness signal, or by taking the sum of R-Y and B-Y
to obtain - (G-Y). Therefore it is necessary to
transmit only signals representing R-Y and B-Y
along with the brightness signal.

Bedford has pointed out the fact that the
eye can not see color in small detail and that
this property of vision may be used to advantage
in a color television system. Here then is
another opportunity to further reduce the amount
of information transmitted. It has been deter-
mined experimentally that the color information
may be limited in bandwidth to approximately one
and one-half megacycles without the loss of

There

now remains the problem of transmitting these

information being detected by the eye.

two pieces of color information with a minimum

of visibility along with the brightness signal.
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An advantageous arrangement for transmitting
color information would be to use two carriers
of the same frequency displaced in phase by 90
degrees. To generate such a signal the sub-

The
first part is amplitude modulated with a signal

carrier voltage is divided into two parts.

representing R-Y and the second part is shifted
in phase by 90 degrees and modulated with a
signal representing B-Y. These components are
then combined to form the transmitted signal.
If in the receiver, a voltage having a reference
phase is available, the two signals may be
detected without crosstalk since they are at
right angles to each other. By transmitting a
small sample of the subcarrier at a fixed phase
during horizontal blanking time the necessary
synchronous voltage can be made readily avail-

able in the receiver for synchronous detection.

Now that we have all of the color infor-
mation on a single carrier, the problem is to
choose the carrier frequency so that it will
produce a minimum of spurious signal effects in
the brightness channel. One obvious way to
determine this frequency is to simply look at
the kinescope and change the frequency of the
This
occurs when the positive half cycles of the
carrier, dots of light, This fre-
quency is always some integer plus 1/2 times the

subcarrier until it is least visible.
interlace.

frame frequency and can be an integer plus 1/2
times the line frequency since line frequency is

an odd multiple of frame frequency.

Another way of looking at interlacing is to
consider the frequency spectrum and interlace
the subcarrier and its sidebands with the har-
This

approach also gives a subcarrier frequency of an

monics of frame and line frequencies.

integer plus 1/2 times the frame frequency.
When approached from this direction it is called
frequency interlace. However, frequency inter-
lace always gives dot interlace and dot inter-
lace always gives frequency interlace, that is,
they are just different names for the same thing
and for the same purpose, namely the reduction
of interference: between the brightness video

signal and the color subcarrier.

With the color subcarrier frequency so



chosen as to have a minimum visibility, there
are reasons for wishing to choose a frequency as
high as may be passed by the receiver circuits
and other reasons for wanting the subcarrier at
a lower frequency. The fact that the receiving
kinescope 1s non-linear contributes to the visi-
bility of the subcarrier. Also insufficient
persistence of vision and of the kinescope
screen material, contribute to the visibility of
the subcarrier. For these reasons it is desir-
able to make the residual dot structure as fine
as possible by selecting a high subcarrier fre-
quency. The reason for wishing to choose a
a lower frequency will be considered in more

detail.

A choice of a nominal 3.58 mc as a sub-
carrier frequency represents a balance between
the various factors involved. With this carrier
frequency there is .6 mc between the subcarrier
and the end of the pass band assuming the re-
This

means that we can transmit the two signals repre-

ceiver passes frequency up to 4.2 mc.

senting color information in quadrature without
Beyond

this frequency the missing sideband causes the

crosstalk up to a frequency of .6 mc.
carrier phase to shift, introducing spurious
signals into each color channel from the other.
These spurious signals appear as incorrect color
on the edges of objects. To prevent this cross-
talk between the two color signals, one of the
signals is limited to .6 mc. In this way we are
transmitting the two color signals in quadrature
on the subcarrier only in the frequency range
where double sideband transmission is possible.
Beyond this point asingle color signal is trans-
mitted.
quency 1s the result of balancing the desire for

The choice of 3.58 as a subcarrier fre-

reduced dot structure against the desire to
transmit color signals in the range of detail

where the eye can make use of the information.

Reference has been made to the signals R-Y
and B-Y in quadrature on the same carrier.
Obviously the carrier can have only a single
instantaneous amplitude and phase determined as
the resultant of the two color signal vectors in
quadrature. In other words the phase of the
carrier actually represents color or hue infor-

mation with the amplitude of the vector repre-
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senting color saturation. Conversely the single
vector can be separated into other pairs of
By

selecting pairs of vectors other than those

vectors at right angles to each other.
representing R-Y and B-Y, it 1s possible to
select various loci on the color triangle along
which all colors are reproduced for frequencies
between .6 and 1.5 mc.

There is considerable information in the
literature indicating that the eye becomes pro-
gressively color blind as the viewed object size
is reduced. First there is three color vision,
then two color vision, and finally only bright-
To deter-

mine the preferred locus for the region of two

ness vision with no color sensation.

color vision a series of tests were made using a
complete color television system. The signal
source was a studio camera. The viewers used
were both a tri-color tube and dichroic viewer
using three kinescopes. The three kinescope
viewer had a highlight brightness of approxi-
mately 100 ft. lamberts which made possible

critical viewing.

A series of Munsell colors covering the
color gamut were viewed each in turn super-
imposed on each of the others. The evaluation
of the quality of the transition from one color
to the other was on the basis of 10; one being
excellent with 10 representing an unsatisfactory
reproduction. The circuitry was so arranged
that the two quadrature vector signals, one of
which was limited in bandwidth to .6 mc, could
be made up of varying proportions of the three
primary color signals. In this way the color
locus for those frequencies between .6 mc and
As a result of the
tests a preferred pair of vectors were found
approximately 33 degrees from the B-Y and R-Y

pair.

1.5 mc could be selected.

The summarized datacomparing this preferred
pair of vectors which have been termed I and Q
with R-Y and B-Y is shown in the first slide
(Fig. 1).

color transition from each color to all other

Here the average rating of quality of
colors is shown. It is seen that improvement is
obtained on all color transitions with the

greatest improvement coming in the region of



flesh tones and blues.

The color locus for the limited bandwidth
of B-Y and the vector composed of color informa-
tion such as to produce the Q vector displaced
33 degrees from B-Y, is shown in the next slide.
It is noted that the B-Y locus is a straight
line while the 33 degree locus approximates a
The curvature of the 33

degree locus is caused by the addition of color

part of an ellipse.

components to produce the desired vector after
they have passed through the non-linear circuits

required for proper gamma reproduction.

With this selected choice of color vectors
a grid of transitions may be plotted on the
color triangle. (No. 3) The solid lines repre-
sent the paths taken by a color transition in
the direction having a frequency response limit
of 1.5 mc.
taken by color transitions in the direction hav-
Stated 1in

another way a color transition from g to p would

The dotted lines represent the path
ing a frequency response of .6 mc.

have a steepness of rise corresponding to a band
pass of .6 mc, while a transition from bg to y
would have a steepness of rise corresponding to
a band pass of 1.5 mc. The transition from g to
r would contain components of steepness passed

by both the .6. mc and 1.5 mc circuits.

There is material in the literature which
shows how the eye tends to have color perception
only along a line locus for small color detail.
For example Willmer and Wright, No. 4, were able
to color match all the colors of the spectrum
with only a blue and red light source when the
object was sufficiently small. This data may be
presented on the color triangle, in the form of
a series of diverging lines which pass through
the test colors and the color mixture which
gives a match. These lines would be parallel to
the locus of low frequency transitions 1f there
was perfect correlation between the television

tests and those of Willmer and Wright.

9L

The data of Middleton and Holmes is shown
on the next slide, No. 5. Here may be seen the
reduction of color sensitivity of the eye toward
the color locus as experimentally chosen for our
television system. Hartridge has made similar
tests on color acuity in small detail. His data
is shown in the next slide (No. 6). Again the

same locus is indicated.

A different approach to the selection of
the wide band color locus may be based on the
years of color photographic experience. Here
the assumption is that in two color photography
a color locus has been chosen as a result of
experience to produce the most satisfactory
result. This means that the chosen two colors
are such as to approximate most closely the
results obtainable with a three color process.
In other words the difference between the two
color processes is subjectively a minimum. In
our television system this minimum difference is
the information selected to be transmitted at

the reduced bandwidth.

The locus of colors as reproduced by a two
color process is shown in Fig. 7. Here again
from an entirely different approach it is seen
that the color reproduction is along the locus

chosen for our television system.

From this brief review of some of the broad
considerations involved in the proposed NTSC
standards, we see that we have evolved a compati-
ble system and at the same time reduced to a
minimum the transmission of redundant infor-
mation and the transmission of information that,
due to characteristics of vision, the eye can
not utilize. From the standpoint of ceiling
performance it is believed that the broad con-
cept of the proposed NTSC standards have in their
make-up, the most efficient possible utilization
of a six megacycle channel for the transmission

and reception of television in color.
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A FLEXIBLE TV STUDIO INTERCOMMUNICATION SYSTEM

R. D. Chipp and R. F. Bigwood
Du Mont Television Network
New York, N, Y.

A television studio intercommunication
system has many and varied requirements, which
depend upon the complexity of the operation and
the number of people involved in it, Typical of
a simple program is a boxing or wrestling match
utilizing perhaps two cameras and two fixed micro-
phones. In this case, the simple carbon system
that is built into television field equipment very
adequately serves for intercommmication., Fig., 1
shows schematically such a system, which can pro-
vide two-way commmication between all connected
locations. The headset and microphone assemblies
are plugged into jacks in the video control unit
and the pickup camera. The intercom circults are
carried though as a part of the camera cable. The
program director in most cases passes instructions
to the cameramen through the switcher or technical
director. If the audio man is not physically
located adjacent to the program director, cues are
given to him through this same circuit. If one-
way commmnication is desired, it is obtained quite
simply by providing a headset without a microphone
at those locations that need to receive only.

Note the toggle switch shown at each video
control unit. This switch isolates the control
unit and its associated camera from the order cir-
cuit. It has been found to be extremely useful in
the event that there is camera trouble while on
the air or in the event there is need for camera
repair or adjustment during rehearsal. By lso-
lating the camera in this manner, the video con-
trol operator and the cameraman can talk to one
another without disturbing those who must simml-
taneously use the regular order circuit for
normal commmicgtion.

A more complex operation is one which might
involve a studio operation combined with film
facilities. Fig. 2 shows a floor plan of the
present studio layout of the Du Mont station,
WDTV, in Pittsburgh. Here the standard carbon
circuit, with the addition of a three bus ampli-
fier talk system has proved to be particularly
useful. Fig. 3 shows this system in schematic
form. Any one of the three busses can be select-
ed manually by the technical director, the audio
operator, and the video control operator. During
rehearsals the program director, who sits next to
the technical director, will use the studio ad-
dreas bus, while the technical director and the
video control operator will use the amplified
carbon gsystem. The audio operator can cut into
the carbon system if he wishes to talk to the
mike boom operators. When cues are passed to the
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projection room, the technical director switches
from the carbon system to the projection room
bus. The projectionist has a separate talk back
circuit to aclmowledge instructions and report
readiness to roll film, etc.

When on the air, the program director passes
instructions or cues to the technical director
sitting on his left. In turn, the technical di-
rector will select either the amplified carbon
bus or the projection bus. The studio address
bus 1is then used only for playback in the event
that the program requires it. A4s is the case
with the single system previously discussed, talk
back from the studio to the control room is made
avallable where needed.

As we progress to a still more complex
operation, such as projected for the New York
Du Mont Tele-Centre at 205 E. 67 Street, the
need for increased flexibility is evident. Con-
sider an operation of the sort indicated in Fig.
4. Here we have an elaborate studio program,
portions of which may originate in the field and
other portions of which may originate in a dis-
tantly located projection room. In the studio
we may have an orchestra, back projectionist,
numerous stage hands and stage electricians, and
other special effects personnel. We have made a
study of the flow of traffic required for inter-
commnication purposes. It is immediately ap~
parent that the requirements during rehearsal
and during the actual program are quite different.
Fig, 5 shows in schematic form the flow of traf-
fic during a rehearsal. The width of each line
is approximately proportional to the volume of
traffic, and the arrows indicate the direction
of flow. Maximum volume is from the program
director to the floor via the studio address
system. Although the volume is light on other
circuits, they are of great importance when
needed. Fig. 6 shows the traffic flow during
the program. Most instructions are now passed
through the technical director, although there
is still the same need for important supplemen-
tary circuits to other locations.

The problem is to design an intercom system
that will meet these traffic requirements.
Prime gystem considerations are basic simplicity
with maximm flexibility. These requirements
have been met by utilizing a type of cross bar
arrangement, which is shown in generalized form
in Fig, 7. Although this system design fits any
type of studio layout, I will discuss its pro-



posed use in the standard Du Mont split control
booths at the New York Tele-Centre. Fig. 8 shows a
floor plan of this standard control booth wherein
the program director and assistants, plus the tech-
nical director, are located separately in the front
section, Directly in back and raised two feet are
the audio operator and the light control operator.
These men can see all monitors over the heads of
those in the director's booth. To the left is the
video control section. This split booth arrange-
ment has proved to be extremely satisfactory. Some
of the reasons are:

(1) It separates functions ~ program direction,
video operation, and audio control.

(2) It isolates audio monitoring which, if at a
satisfactory level for the audio operator,
often disturbs the dircctor or video oper-
ators.

(3) The various instructions and sometimes pro-
longed discussions between the occupants of
one room do not distract others.

(4) In case of video trouble, a cameraman and
video operator may converse at low level
without disturbance from audio monitoring
or director's and switcher's orders.

Referring again to Fig. 7, there are five
basic circults that form a part of this system,
What is called the "A" circuit carries non-inter-
rupted program cue, the order circuit, and the
microphone circuit for return talk. The "B" cir-
cult, which appears on a separate set of recep-
tacles in the studio, is similar to the "A" except
that the program cue may be interrupted for in-
structions by the technical director, the program
director, or the audio control man., 4 standard
headset assembly may be plugged into either "A" or
"B" circuit receptacles. The "C" circuit is the
carbon system associated with the cameras. A4 "D"
circuit, while not an individual system, is an
extension of the audlo operator's, technical di-
rector's, or director's source circuit, which
appears in a patch field in the transmission bays
at Master Control, and can be routed as required
to external locations. Similarly, remote incoming
order circults can be patched into the intercom
loudspeaker in the director's booth of any studio.
The "E" circuit is the studlo address system, which
is normally used during rehearsal for instructions
to the cast and floor personnel. The public ad-
dress system for audience coverage and the playback
system for film and turntable sound in the studio
are separate from the intercom, and are not shown

in Fig. 7.

The building blocks that make up this system
are essentially sources and loads. The sources are
microphones, pre-amplifiers, and keys or relays for
selecting the desired load or loads. The loads are
bridging amplifiers feeding either loudspeakers or
the standard intercom headset assembly used by
floor personnel. We have minimized the number of
different components and have developed a number of
standard units. For example, the pre-amplifiers
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are identical in construction to the program pre-
amplifiers, with the exception that the input and
output transformers have been modified to limit
the frequency response and considerably lower the
cost. The bridging amplifiers are also identical
in construction to the program amplifiers with a
similar transformer change.

The standard headset is an assembly, spe-
cially fabricated for this application, shown in
sketch form in Fig. 9. The general construction
follows lightweight aircraft practice and various
headset and microphone combinations are inter-
changeable. The headbands will take a single or
double headphone combination, and a microphone
can be supported by either a right or left ear-
phone. The control unit is intended to be sup-
ported at chest level, and contains transfer
switches for connecting either earphone to either
the program feed or the order circuit feed. The
microphone for return talking may be disconnected
by means of a switch located on this same chest
plate. Volume controls are provided for each
earphone. The order and program circuits are at
a relatively high level, that is, loud enough,
with the earphone controls at maximum volume, to
overcome high ambient sound such as might exist
near an orchestra.

The key switching arrangement consists of a
standard panel which may be mounted in any loca-
tion and can accommodate up to 15 keys. The
director's panel may have as many as 15 load se-
lector keys, whereas the audio and video operators
may have only 4 or 5 keys. In the special case
of the technical director, certain of these inter-
com keys are built into the video switching panel.
For example, the order circuit keys for the film
room are placed close to the appropriate video
switching and projector control buttons. All keys
are two way, and are so wired that one position
continuously ties the source microphone to the
selected load busses. The other position trans-
fers the selector relay control to a foot pedal.
In this latter case, only when the foot pedal is
depressed wlll the source circuit be connected to
the load. This arrangement is used, for example,
to permit the technical director to route orders
to the projection room only when pertinent, and
exclude from the projection room the continuous
chatter normally on the order circuit. In similar
fashion, the audio operator can momentarily break
into the boom operator's program circuit to issue
special or emergency instructions.

Referring again to Fig. 7, let us review the
functions of this intercom system during rehearsal
and program. During rehearsal the director uses
the studio address or "E" circuit for instructions
to all floor personnel. This will be supplemented
by the technical director's use of the "A" circuit
to cameramen, floor manager, video booth, audio
booth, etc. Talk back to the director's booth is
frequently through the program microphones that
are open, although those personnel having chest
sets complete with microphones will automatically
come up on a loudspeaker in the director's booth.
In addition, dwring rehearsal the "C" circuit may



be used by individual video control operators and
cameramen to discuss camera adjustments and other
similar matters without interfering with the pro-
gress of the rehearsal. At the same time, an
agssistant director may be discussing cues with a
remote unit by means of the "D" circuit. In this
wvay it 1s believed that lost time during rehear-
sals can be minimized.

When on the air the situation changes. Need-
less to say, the studio address system is disabled
and any sound re-enforcing is done with the sepa-
rate public address system. The majority of in-
structions channel through the technical director.
The technical director sets keys in the up posi-
tion to feed the studio order circuit and any
other locations that require continuous cueing.
These locations will usually use headsets. Keys
in the down position permit cues to film control,
transmission, etc. only when the foot pedal 1is
depressed. These locations are usually set up on
loudspeakers. The program director, the technical
director, and the audio operator can also feed the
"B" or interrupted program circuit. This circuit
might be used by the program director to instruct
the orchestra conductor to mske a last minute
music cut, or by the audio operator to pass emer-
gency instructions to a boom man.

SWITCHING
AMPLIFIER

¥

The audio operator has a single headset
receiving the technical director's order circuit,
and two loudspeakers for program monitoring and
cue. He can talk to the director's booth, video
booth, or those other locations provided on the
available keys. These keys will normally be left
in the wmlocked position, and the press-to~-talk
foot pedal will be used.

The video operators will talk to cameramen
on the carbon circuit and, as outlined before,
can isolate a single camera in the event of
trouble. In addition, they have a limited number
of keys which function in the same manner as
those in the audio control booth.

The generalized system shown in Fig. 7 can
be assembled in a gingle standard rack. It can
be either decreased or increased in size and
scope, as required by the traffic load or by the
size of the studio plant, without departing from
the basic design philosophy, and without requir-
ing modification of any exlsting installed

equipment.,
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CBS TELEVISION'S HOLLYWOOD TELEVISION CITY:
VIDEO, AUDIO, AND COMMUNICATION FACILITIES

Richard S. O'Brien
Robert B. Monroe
Price E. Fish

Columbia Broadcasting System, Inc.
New York, N. Y.

Summary--Late in 1952 CBS inaugurated tele-
vision service from its new Hollywood Television
City headquarters. Located on a 25 acre site,
Television City is constructed from a flexible and
expansible master plan that permits ultimate ex-
pansion to 24 studio units,

The initial construction phase now completed
provides two audience and two non-audience studios,
each exceeding one-quarter acre in area, together
with the necessary technical, production, scenery
construction, and office facilities to completely
support CBS-Hollywood television operations.

This paper describes the philosophy under-
lying the design of the video, audio, and commni-
cation facilities for this project. Emphasis is
placed on description of methods and features that
are new or novel,

Introduction

CBS Television City, in Hollywood, California,
is a fully self-contained center expressly designed
for the efficient production of television pro-
grams, When the 25 acre site is fully developed,
the plant will include 2l studio units each pro-
viding over one-quarter acre of unobstructed work-
ing space, Four of these studio units, together
with a generous amount of auxiliary service space,
are included in the initial unit in which opera-
tions began late in 1952,

Figure 1 shows the modern, functional appear-
ance of the initial unit of Television City. The
four studios are housed in the building extending
to the right, while scenery shops and production
offices are in the adjoining three-story, glass-
walled service building at the left. The buildings
cover 3} acres of ground and contain over B} acres
of concrete floor, emphasizing the extent of even
this first phase of the project.

As can be seen in Figure 2, the initial con-
struction, indicated by the shaded area, is but a
small fraction of the ultimate plant., Additional
studios may be provided by extending the two ini-
tial wings or by adding new wings on either side
of the service building. This architectural de-
sign allows great flexibility in the sequence and
exact manner of plant expansion. The service
building may be expanded in height as well as
length to keep pace with studio additions, If re-
quired, office buildings may be built to a thirteen-
story height along the boundaries of the property.,

The interior arrangement of the initial build-
ings is indicated in Figure 3. The two studio
wings in the studio building are separated by a
forty foot wide passageway which allows free flow
of traffic from the scenery shops and material re-
ceiving area to the studios. Three rehearsal
halls, each measuring seventy feet square, are lo-
cated in the space above this passage and other
service areas adjacent to each studioc. Two of the
studios are arranged for non-audience performances
but the two studios in the rear wing are fitted to
accommodate studio audiences.

The spacious 110 foot wide stage area is
shown in Figure L which is a view from the rear of
one of the audience studios. The height is 28 feet
from stage to overhead structure. The control
room, in which the studio video and audio facili-
ties are located, is at the left, In the fore-
ground is the console from which the electroni-
cally controlled studio lighting system is oper-
ated, This system controls over 300 kilowatts of
incandescent lighting in sixty 5 kilowatt circuits
and can be preset to remember any five desired
combinations of dimmer settings for all 60 cir-
cuits. The lighting combination for a particular
program sequence is then selected by operation of
a small push button selector switche Thyratron
tube banks associated with this unit are located
in the basement area.

The basement level, shown in Figure 5, is
also utilized for dressing rooms, scenery and pro-
perties storage, maintenance shops, and the central
technical area, In the central technical area are
grouped those facilities which serve all studios
equally., Thus they are placed, logically, near the
geograrhical center of the ultimate plant,

System Considerations

Figure 6 illustrates in a greatly simplified
mammer the functional relationship between the
groups of facilities in the central technical area
and a typical studio, The centralized facilities
groups include master control, telecine, program
control rooms, television recording, telephone
company terminal equipment, and two-wgy microwave
link with the local station transmitter site, this

latter equipment being located on the service build-
ing roof level,

Master control contsins both the first and the
last elements in the video sgystem, namely, timing
pulse generation and distribution, and trunk switch-
ing of final program signals, The latter function

105



is shared by the audio system, but timing pulse
distribution whereby all film and studio cameras
are scanned in synchronism is, of course, peculiar
to video.

From the “telecine" (a contraction of tele-
vision~cinema) room, video and audio signals ob-
tained from film, or other recording media, are
transmitted to studios for blending with live por-
tions of programs. For programs which
consist entirely of film material, or in which all
live portions originate off the premises, the sig-
nals mgy be routed instead to a program control
room, These program control rooms are equipped
with switching and mixing facilities identical to
those in a studio control room but they have no
cameras or studio area associated with them,

Program signals originating at remote loca-
tions may reach the master control area by means
of telephone company circuits or via micro-wave
relgy. From master control, such remote signals
may be routed to either a program control room or
studio control room for integration with other pro-
gram material,

Of these groups of facilities, the initial in-
stallation includes the central pulse distribution
section of master control, the telecine facilities,
and the four initial studios,

An important feature of the Television City
video system is the complete decentralization of
the studio switching facilities to the respective
control rooms, This is contrasted with earlier
systems in which all video switching was done by
releys located in master control, A method of
campensating for signal transmission delgy time has
been evolved to make this system workable and is
described below,

Decentralization of equipment to the control
room follows well established audio design prac-
tice, This practice reduces the amount of cen-
trally located space which must be allocated in
advance for technical facilities and removes all
restrictions on the choice of video switching
equipment for the studios. This contributed great -
ly to the flexibility with which additional studio
units may be added or existing units modified.

Studio Control Room

From the control room position at the rear of
the audience area, Figure 7, the director can read-
ily keep in mind the viewpoints both of the studio
audience and, by means of picture monitors, that
of the much larger network audience.

The excellent visibility of the stage is
shomn in Figure 8, a photograph taken from the di-
rectors position in the control room during a pro-
gram rehearsals The monitors below the window are
associated with individual cameras except for the
center unit which is a studio output line monitor.
The large screen overhead monitors include one cue
and two preview monitors,
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In a plan view, Figure 9, the control room
personnel are seen to be grouped about the pro-
gram director who sits at the left end of the di-
rectors console, Program assistents are at his
right, key technical personnel at his left. The
technical director at his immediate left operates
the video switching console and is responsible for
all technical phases of the performance, The
audio operating position is far enough to the left
that a glass partition may be erected around this
section to give a measure of acoustic isolation
should this be desired. The camera control opera-
tors are placed on a lower floor level and sight
lines carefully controlled so that all persons con-
cerned with picture quality may have an unob-
structed view of the high-quality camera-control
monitors. Space is provided on the camera control
level for additional tontrol equipment which nay
be required, e.g., color television. The announ-—
cer is located where he may obtain visual cue sig~
nals from either the audio operator or the pro—
gram director,

Auxiliary video, audio, and communications
equipment is mounted in air-cooled equipment racks
which form the rear boundary of the control room
operating area., Cabinets built in to the rear
wall of the control room contain terminal blocks
on which all interconnecting runs from the studio
to the central technical area are terminated,

Telecine

The telecine portion of the central techni-
cal area is shown in Figure 10, Telecine is di-
vided into a projection room and a control room,
The initial installation includes three 35mm,
three 16mm, and two still projectors, space being
provided for double this complement in both the
projection and control room. A photograph of the
telecine projection room is shown in Figure 11,

A feature of the projection arrangement is
the provision of a separate film camera for each
projector, In a plant the potential size of Tele-
vision City, the peak film requirements can be met
with a smaller total equipment investment, using
a camera for each projector, than with the arrange-
ment widely used in smaller installations, where-
in one camera serves several projectors, In the
latter, the use of one projector automatically
ties up all of the others, With separate cameras,
a much greater degree of flexibility in equipment
assignment is achieved.

Assignment of the various projector-camera
groups to studios is accomplished by means of the
“patch cross" unit, Figure 12, This unit is lo-
cated in the telecine control room along with the
f?.lm camera controls and video distribution facili-
ties. To achieve equivalent flexibility with a
more conventional switching system would require a
system with 70,000 or more switeh or relay con-
tacts, The unusual "crosst® form of the upper sec-~
tion was dictated by the requirement of provid-
ing 128 receptacles in the most compact space,



Telecine operation is preparational in nature,
the actual control of film material in a program
being done, properly, in the studio or program con-
trol room to which a film channel has been con-
nected through the patch cross unit,

Master Control

In master control, Figure 13, across the hall
from telecine, space has been provided for the
facilities required to select between forty or
more input channels and to feed video and audio
output signals to as many as twelve outgoing chan-
nels. The necessary monitoring and control facili-
ties, patching and adjustment racks, and terminal
equipment racks are to be arranged as indicated.

However, these facilities are to be installed
at a later date, a temporary equipment installa-
tion serving to interconnect the four initial stu-
dios with an existing CBS Television master con-
trol in Hollywood, The interconnection is made
via permanently installed telephone company trans-
mission facilities., The central pulse distribu-
tion system which is described in detail below is
installed in its permanent location in a corner of
master control, Here the master control opera-
tor will have direct surveillance over this very
important central facility.

A view of the central terminal frames adja-
cent to master control, Figure 1k, provides an
example of the provisions for expansion designed
into Television City. Here all interconnecting
cable circuits between studios and various parts
of the central technical area appear on terminal
blocks. Even coaxial cables are spliced on newly-
designed solder-type terminal blocks, Easily ac-
cessible overhead wiring is used throughout the
central technical area to further enhance flexi-
bility for expansion,

Video Facilities

Pulse Generation and Distribution

Video signals originate with the driving and
synchronizing pulse generators, two of which are
permanently installed in the master control area.
They are located together with sync distribution
facilities adjacent to the central terminal frames
and master control terminal facilities,

The pulse distribution block di agram, Figure
15, shows the sync generator selector and the al-
location of pulses to the several buses. Pulse
distribution amplifiers provide multiple feeds to
each of the studios and other operating areas,
Individual control of pulse levels is available on
all chamels, Distribution units are strategically
placed at each stage’of system expansion to provide
access at critical junction points for the intro-
duction of an emergency timing pulse feed, if for
any reason continuity through distribution ampli-
fiers should fail, As shown in the detail on Fig-
ure 15, a distribution unit is a two channel
switching device which permits the selection of
the regular or a spare input. A waveform monitor
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may be readily connected into the monitor output

at any time, In addition, a visual monitoring
indicator is provided for the pulse signalse. This
indicator, shown in Fig. 16, consists of a group
of neon lamps driven by isolation amplifiers, each
associated with a particular timing pulse. The
neon lamps glow steadily in the presence of a nar-
mal signal, blink slowly in the absence of the sig-
nal, and, of course, extinguish in the event -of
power supply failure,

The distribution of driving pulses and syn-
chronizing signals throughout a large plant such
as Television City requires that attention be giv-
en to the time delay inherent in long transmission
pathse For instance, the horizontal rate pulse
signals to all studios are intentionally delayed
in order that pulses reaching the studios direct-
ly from master control will arrive at the same
time as pulses arriving by way of telecine, This
delay corresponds to twice the distance between
master control and telecine, Pulses from the sync
generators thus arrive at a given studio at the
same time, regardless of which path is taken. The
output of film cameras may then be freely mixed
and dissolved with studio cameras, without time
displacement of the blanking and synchronizing
pulses,

Similarly, in order that the video output
signals from two or more studios may be freely
mixed and dissolved at master control, the total
traverse time to studio and return must be the
same for all studios, This is accomplished by
the introduction of delay sections in the video
lines from each studio to master control, with
the exception of the farthest studio. These lines
are adjusted to obtain time delgys equivalent to
twice the difference between (a) the distance from
master control to a given studio, and (b) the dis-
tance from master control to the farthest studio,

Delgy adjustment at Television City resulted
in total video transmission paths of 1100 feet
from telecine via studios and return to master
controls Transmission paths between the mresent
studios and master control varied between 512 and
823 feet,

The upper portion of Figure 17 shows a blank-
ing signal from a telecine film camera routed
through one studio to master control, The lower
oscillogram shows the same signal routed to all
four studios and received simultaneously at mas-
ter control,

Telecine Video Facilities

Figure 18 shows a typical 1émm film projec-
tor, its camera, and associated equipment rack,
From his normal operating position, the operator
mgy view the picture output of the camera or stu-
dio cue lines, monitor the audio output of the
projector or studio, and communicate with the
camera control operator as well as the studio
with which he is working,

The projector may be assigned, by means of



the patch-cross unit, to two separate studios,
Remote control of the projector, however, is trans-
ferred from one studio to the other at the discre-
tion of the operator,

The video facilities associaled with a tele-
cine projector, Figure 19, consist essentially of
the film camera and associated control unit, pic-
ture and waveform monitors, distribution of timing
pulses to the cameras, and distribution of camera
output signals to the studios,

Transmission losses of the video lines to the
studios are offset by equalization, Camera out-
puts are pre-equalized with special attenuation
equalizers, expressly designed to compensate video
cable losses, To standardize the amplitude and
video response of camera output signals, as they
appear at the studios, the equalization employed
correspornds to the median length of cable runs be-
tween telecine and studios,

Video signals from each camera chain appear
on two patch plugs at the patch-cross unit, From
this point the signals are connected to the stu-
dios where the film material is integrated into
the live portions of the program. The patch cross
operation is described in more detail below,

Studio Video Facilities

Figure 20 is a view of a typical studio con-
trol room looking from the audio control area, It
shows the video switching console in the center,
and immediately beyond, the directors console, To
the right, at the rear of the operating area, the
power and video racks may be seen, The camera
control console is just visible under the studio
observation window,

The camera control console, Figure 21, accom-
modates four camera control units with their asso-
ciated master monitors and a studio line monitor.
Unit construction of the console will permit the
integration of additional sections if required.

Five video and two audio racks form the rear
boundary of the upper operating area of the con-
trol room. The videu racks contain the monitor
switching system, distribution amplifiers, jack
fields, composite and non-composite relay switch-
ing systems, and mixing amplifiers, Ample rack
space has been provided for future expansion of
facilities.

The studio video switching system, Figure 22,
includes three component sections for the relay
switching of non~-composite, composite, and monitor
signals. The non-composite switching system has
input positions for as many as eleven studio and
film cameras, These camera signals may be selected
directly, or as many as three may be superimposed
on each other, through the use of two dual faders.
The output of this non-composite section, after the
addition of sync, appears as cne of four program
inputs to the composite switching section, Com=
posite signals are selected by direct switching,
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In addition to two preview channels serving
individual preview picture monitors, three gen-
eral monitor buses at the output of the monitor
switching system serve lighting, utility, floor,
sound effects, and audience picture monitors,

The video switching console, Figure 23, pro-
vides push-button control of the relay switching
activities just outlined. Note the division of
the panel into non-composite, composite, monitor,
and projector control areas, Preview channels
may select any of the twelve non-composite and
four composite signals. The effects fader selec-
tor rows may choose any of four telecine lines
agd up to seven studio cameras, The line fader
may select the same signals and, in addition, the
output of the effects fader, thus providing con-
siderable flexibility in the synthesis of multi-
rle camera shots, The effects fader, or an addi-
tional fader in the spare position provided, may
readily be connected to control special matting
or electronic wiping amplifiers. Composite pro-
gram selection includes the studio output or any
of three remote signals. Three monitor buses may
select either of the two preview channels, stu-
dio line, cue, or a spare intut, Up to four pro-
Jjectors may, by remote control, be started,
stopped, or "still-framed" (i.e., the continuous
projection of a single frame of film),

In the studio installations, the video re-
sponse-frequency characteristics are uniform up
to 10 Mc. Figure 2L, shows the over-all video re-
sponse of a studio from a typical camera input and
from a remote line input.

Transmission of such vide-band studio output
signals to master control requires the use of at-
tenuation equalizers and associated amplifiers to
compensate for transmission losses., The effective-
ness of this arrangement is illustrated in Figure
25 which shows the video response at the master
control terminal facilities to a sweep signal in-
troduced at a remote line input to a studio
switching system,

Figure 26 is a view in an adience studio
showing the seating and stage areas., Attention
is called to the pantograph-mounted picture moni-
tors serving the studio audience. These monitors
may be easily positioned to provide the audience
with the most advantageous view of both stage ac-
f,ﬂity and the transmitted picture program mater-
ial.

Audio and Communication Facilities

Figure 27 shows the general appearance of a
Television City studio control roam. At the ex-
treme left are two transcription turntables with
an associated control unit, To the right of the
turntables is the audio control console followed
by a utility desk, the video switching console,
and the directors console,



The audio console is completely self con-
tained and follows well knmown CBS audio design
practices. It includes such design features as
single plugs and jacks because of their smaller
size and superior performance, the use of only two
amplifier types, both plug-in, and two audio tube
types to simplify maintenance, and standardization
on a circuit impedance of 150 chms to assist in
achieving uniform response-frequency characteris-
ticss As a matter of fact, these features have
proven so successful they have been employed in the
audio facilities throughout the entire Television
City plant,

The turntable control unit is located to the
left of the audio control operator and in this posi-
tion the controls are within his reach for nor-
mal operation, However, the physical separation
makes it possible to employ a second man to oper-
ate the turntables should this prove desirable,

Figure 28 shows all equipment units associated
with the control room audio installation - console,
turntables, and two racks of equipment. The rack
on the left contains equipment associated with the
studio communication facilities, The rack on the
right contains all equipment required for audience
sound reinforcement and audience reaction micro-
phones, This rack is employed only in audience
type studios, The division of the audio facilities
into these four basic units results in an extremely
flexible audio system, in which the basic units can
be used alone, or in combination, to equip both
radio and television studios of various types.

Figure 29 shows in simplified block diagram
form the scope of the audio facilities contained
within the console, An eight position mixer ac-
comodates seven studio microphones and a circuit
from a sound-effects console to be described later,
A four position microphone sub-mixer, which permits
a portion of a program to be pre-balanced, may be
routed through any one of the regular microphone
mixing channels by means of a single patchcord con-
nection, Other mixing channels are provided for an
announcers microphone, A and B positions for film
sound and remotes, and a turntable channel that ac-
commodates the two transcription turntables,

The output of each microphone passes through
a preliminary amplifier and bridged-T mixer con-
trol and is then divided by means of a multiple-
output resistance isolation netwark which features
a high degree of isolation between each of its out-
puts, One of the netwark outputs continues on to
the program channel, The other outputs are associ-
ated with reverberation and sound reinforcement
channels,

. The microphone and sound effects channels are
combined in a suitable differential network, the
combined output being controlled by a single mixer
key switch, Other mixer key switches control the
announce channel, the A channel, B channel, and the
turntable channel,

Two program channels are provided. Program
material from the mixer key switches can be con-
nected to either channel one or channel two,
Either channel can, in turn, be connected to feed
the outgoing program line,

Two regular monitoring channels and loud-
speakers are provided. One serves the audio con—
trol operatar, the other serves those at the di-
rectors console,

Figure 30 supplements Figure 29 and shows
the remainder of the control room audio facili-
ties, Reverberation effects are sometimes re-
quired in the production of television programs,
Reverberation is added to a microphone channel in
the following manner, The reverberation output
from the resistance isolation network in each
microphone channel is brought to two reverberation
selector switches as shown in this slide., This
permits either one or two microphone channels to
be selected for reverberation. The selected chan-
nels are transmitted to a reverberation chamber
or other reverberation device, The output of the
reverberation device returns to the studio where
it is introduced into the program circuit by means
of the A or B mixer channels,

The second output from the retwork supplies
a program sample from each mixer channel to sound
reinfarcement selector switches, My desired
mixer channel can be reinforced on the studio
loudspeakers merely by closing the desired key
switch. All adjustments made in gaining the re-~
gular program channel are equally effective in

controlling the gain of the sound reinforcement
channel,

A six position mixer is provided for aud-
ience reaction microphones, The output of this
audience mixer is patched into any one of the reg-
ular microphone chanmnels,

Sound Effects Facilities

The sound effects station in the Television
City studios is located on a balcony overlooking
the studio as shown in Figure 31, It is equipped
with a CBS sound effects console that provides all
facilities normally required to handle the sound
effects requirements of the most complex tele-
vision programs., The sound effects console is
‘equipped with three variable-speed turntables and
four record reproducing arms, A six position mixer
accamn?dates the four reproducer arms, as well as
tv;vo utility mixing positions for sound effects
microphones or special sound effect devices,

The sound effects console transmits the come
plete sound effects partion of the program to the
control room audio console at standard line level,
Another higher level output transmits the sound
effects to studio loudspeakers,

Attention is called to the studio floor moni-
f.or immediately to the right of the console, This
1s a very useful equipment assembly combining in a
single unit a picture monitor, loudspeaker, clock,
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and telephone station.

Studio Communication System

Most visitors to well designed television
studios are impressed by the excellent coordina-
tion existing between the large group of people
involved in the production of a program. This co-
ordination results from the use of an extensive
system of communication whereby each person in-
volved is kept informed, and is cued and directed
in his activities,

A studio communications system must distrib-
ute intelligence to all engaged in the produc-
tion of the program, This intelligence takes
three forms: first, spoken words, such as direct
instructions from the director; second, audio pro-
gram material from which many cues are obtained,
for example, the orchestra leader usually gets
cues for his music from the dialogue of the pro-
gram; and third, picture program material which
provides information to almost all concerned with
the program, for example, the sound effects opera-
tor synchronizes his sounds with studio action by
means of a picture monitor,

Aural communication is accomplished by five
basic systems: a private telephone network known
as the interphone system, a headphone cueing sys-
tem, a low-frequency induction field radio chan-
nel, a loudspeaker talkback and call system, and
a two-wgy intercom with telecine,

The interphone system is shown in Figure 32,
A private telephone circuit is provided between
each studio camera and its associated camera con-
trols Vhen a switch at the camera control posi-
tion is closed, this interphone circuit is con-
nected to a conference bus and the cameraman and
camera control operator may then communicate with
the program director, technical director, or any
other camera or station also connected to the con-
ference bus,

An amplifier reinforced feed from the di-
rectors desk microphone is introduced into the
conference bus at a level slightly higher than
other interphone conversations, The director can
therefore be heard at all interphone stations even
though he is not speaking into the microphone of
an interphone headset. The reinforcement gives
him an appropriate degree of priority over other
interphone conversations at all times,

A second interphone system serves the stu-
dio lighting personnel. There are stations in
the studio for the lighting director, lighting
control console operator, and lighting patch panel
operator, A second station is provided for the
lighting director in the control room should pro-
grem conditions require his presence there,

Color coded calling lights are provided at each
lighting interphone station,

Another interphone circuit connects the au-
dio control man and the sound effects operator.
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The interphone system constitutes only one
portion of the studio communication facilities,
It is necessary to provide communication circuits
to others not served by the interphone system,
such as the microphone boom operators, the an-
nouncer, and orchestra leader. This is accomplish-
ed by means of a headphone cueing system that em-
ploys conventional headsets which have been split
to permit the reproduction of different informa-
tion in each ear,

Headphone cue reproduces the voices of the
program and technical director in one earphone and
audio program material in the other, A second
type of headphone cue specifically for the micro-
phone boom operators permits the audio control man
to break into the audio program headphone and talk
directly to the boom operators at any time,

Communication to performers as well as others
in the studio is accomplished during studio re-
hearsals by means of talkback loudspeakers in a
manner similar to that employed in radio studios.

Figure 33 shows the circuits employed in the
headphone cue, talkback, and other portions of the
comminication system. The output of the three di-
rectors microphones are amplified, limited, and
pass through a volume control to the headphone bus,
The volume limiter is a simple non-electron tube
device employing thermistors which maintains a uni-
form output level for a wide range of microphone
input levels, A similar channel is provided for
the microphone on the audio console, and a third
chammel for audio program material,

Bridged circuits from each of the three head-
phone buses pass through volume controls, relays,
and an amplifier to the studio and announce booth
lo'udsmakm‘s.

Because of the physical separation of
telecine and studio, a two-way intercom system has
been provided between the two points., The inter-
com employs the same line for transmitting and re-
ceiving, The switching arrangement normally aligns
the chammel for reception. When the switch is

operated, the components are realigned for trans-
mission,

An emergency circuit to telecine has been pro-
vided for use in the event of a failure of the reg-
ular channel, The same amplifier is used for a
dressing room call system, & loudspeaker is in-
stalled in each of the twenty-four dressing rooms
as well as in the associated corridors and in other
places where performers may congregate,

Some persons involved in the.television pro-
gram production, notably the studio floor manager,
must be free to move to any part of the studio
without the encumbrance of a cable, yet must re-
main within the range of the voice of the program
director atdl times, An induction-field trans-
mission channel is provided for these persons,

The receiver is a compact unit carried over
the shoulder as shown in Figure 34, The induction-



field transmitter employs amplitude modulation and
operates in the low frequency range between 100 and
200 idlocycles.

Telecine Audio Facilities

A typical telecine projector and camera group-
ing is shown in Figure 18, Each such grouping of
camera and projector has an identical rack of equip-
ment associated with it., The rack houses the audio
and communication facilities along with a picture
monitor, Controls are grouped on the panel im-
mediately below the picture monitor,

Other controls, as well as an intercom sta-
tion, are located on the small control panel below
the picture monitor at the camera control station
associated with each film camera. This can be seen
in Figure 12,

Figure 35 shows the circuits associated with
a typical projector, The audio output of the pro-
Jector is amplified and supplies a line level audio
signal to each of the two associated patchcross
plugs. Monitoring circuits are provided for loud-
speakers at the projector and camera control,

An intercom is provided between the projector
and its associated camera control, Circuits from
this intercom extend to the patchcross plug. When
the patchcross projector-to-studio connection is
made, all audio and communication circuits, as well
as video and projector remote control circuits, be-
tween telecine and studio are established,

Figure 36 shows a closer view of the patch-

cross vnit, Two patch plugs on the lover section
of the unit are associated with each projector,
The receptacles on the upper section are studio
circuits, four such chammels being provided to each
studio and six to each program control room,

Connection between any projector and any stu-
dio is made by patching the projector plug into
the desired studio receptacle. The second pro-
Jector patch plug makes it possible to establish
a comection with a second studio on a preset
basis while still working with the first studio,
The transfer from one studio to the other can then
be made conveniently and quickly by means of trans-
fer switches on the projector rack,

As with all facilities in Television City,
adequate expansion space has been provided on the
patchcross unit for circuits associated with fu-
ture projectors and future studios,
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Fig. 1
CBS Television City - the studio building at the right houses four one-quarter
acre studics; the three-story, glass-walled structure to the left is a
service building housing scenery shops, maintenance facilities, and offices.
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Fig. 2 q
The initial unit of Television City, shown Fig. 3
. A cut-away view of the studio floor level
in the shaded ares, is only a small fraction shows the easy accessibility from craft
of the ultimate plant. Future studio numbers s 4 o4

shops to studios by means of a 40~-fcot

have beenr preassigned to insure an orderly A s T

numbering system regardless of the sequence
of expansion moves.

Fig. 4
A general view of one of the audience studios. The control room is at the left while the
lighting control console and preset panel is in the foreground.

N Fig. 5

'-l/‘ A cut-away view of the basement level.

: Well over a half acre of floor space
has been provided for scenery and

property storage.
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Fige. 6
This simplified block diagram shows the
relationship between the technical
facilities in the central technical area
and a typioal studio.

Fig. 7
A view of a studio control room from the
stage. Note the removable camera ramp.

0 E A R

Fig. 8

View of a studio stage from the director’s position in the studio control room.
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Plan view of telecine room.

., g it v- .
o [ =
kARG

Ll bh -3

-

Fig. 11
The telecine room employs a separate film camera with each projector. A standardized rack
of equipment associated with each projector-camera grouping contains all audio ard
conmunication facilities, as well as picture monitoring facilities.
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Fig. 12

The telecine control room contains cemera control units associated with film cameras,
video distribution facilities, and the patch cross unit whereby the various film

projectors are assigned to studios.
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A plan view of the Television City master control room.
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1~ Simplified block diagram of central pulse

distribution system. Although this simplified
diagram shwos the circuits for distribution
of only one pulse signal, in reality there
are four separate pulses distributed by the
pulse distribution system, i.e., horizontal

scanning drive pulses, vertical scanning
drive pulses, blanking signals, and composite
synchronizing signals.

Fig. 14
The central terminal frames adjacent to master
control. Space has been allocated an the
frames for all audic, video, and commmieation
circuits associated with future studios.
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Fig. 16
Pulse distribution units, four of which are shown above, are provided at each important junction
point of the pulse distribution system. They provide neon lamp visual monitoring indicators
on each of the four pulse signals as well as provisions for switching over to a
pre-patched spare pulse feed in an emergency.
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Fige. 17
Upper oscillogram shwos a blanking signal from a telecine film camera routed
through one studio to master control. Lower oscillogram shows the same signal
routed to all frou studios and received simultaneously at master control.

Fig. 18
A close-up of a 16mm projector and its associated film camera. Auxiliary
facilities are mounted in the standardized equipment rack, one of which
is provided for each projector-cemera grouping.

| PATCH CROSS |
m] 1
PX il 1
> - ﬂ g CONTRQL =)
c €0| |
b e} ) voro
i r i A=l{’ O LU AND
i e [ I CONTROL
i Eil T B g
H ,ﬂ h b |  TYPICAL
! FROM_AUDIO '{' ji! ! A3
i MONITOR KEY__ k L
i —in T
et et S il | S 1
conTRoL
'r'goh”fncs{ < SELECTOR LEGEND
— o gruen CAMERA CONTROL
V- ORIVE & RELAY
BLANKING )7 11T PATCH CROSS PLUG
A 7| G asmmron
TQ OTHER SELECTOR SWITCH
FROM MC CHNLS STHC DISTRIBUTION
SYNC PULSES [ » ] RECEPTACLE
Fig. 19

Blook diagram of the video facilities associated with a typical film projector.
The patch oross unit accommodates audio and communication circuits (see Fig. 35)
in eddition to the video and projector remote control circuits shown above.
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Fig. 20 - Photograph of typical studio contrcl room taken from the audio area.

Fig. 21

on the lower level of the control room.
Ample space has been provided for
additional control equipment.
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Fig. 22
Simplified block diagram of the studio
video switching system.
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The studio camera control console located
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Fige. 23
A close-up of the studio video switching console. The small panel to the left contains
intercom controls and a monitoring loudspeaker volume control.
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Fig. 24
Over-all response of Studio 33 video facilities from a typical
camera input and from a remote line input.
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Fig. 25
Over-all video response of Studio 33 through master control.
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Fig. 26
A view of the stage and audierce areas of an audience studio
showing, the pantograph suspended audience picture monitors.

Fig. 27
The gereral appearance of & Television City control room. The
audio control conscle is in the foreground.
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This simplified block diagram shows the
scope of the facilities provided by the
studio audio console. The studio audio
facilities are capable of simultaneously
mixing 21 of 28 normally connected
program sources.

A view of the audio area of a studio control room showing the audio console, transcription
turntables with their associated control unit, and two equipment racks. The rack on the
left contains studio commuricavion facilities, the rack on the right contains equipment

associated with audience sound reinforcement and audience reaction microphones.
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Fig. 30
This block diegram supplements Fig. 29 and
shows studio reverberation facilities,
sound reinforcement facilities, and audierce
microphone mixer.
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Fig. 32 Fig. 33

The interphone system, one ccmponent
of the studio conmunication systom,
provides telephore cormurication between
many involved in the program production.

31
One of the studio sound effects stations locs=ted on a balcony overlooking the studio. The
sourd effects console is equipped with a elear plastic script and record holding rack
that does not obetruct forward vision of the operator.

Fig.

DI'EC'DR

e .

A simplified block diangram of the
Television City studio ccmmunication
facilities. These facilities augment

the interphcne system shown in Fig. 32.
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Fig. 34
Cormmunication ‘o the studio floor manager,
as well as other studio persomnel who
must be free to move to any part of the
studio, is accomplished by means of a
low-frequency induction-field trans-
mission chamnel. One of the compact
receiver units is shown ir this
photograph.

Fig. 35
This simplified block diagram shows the audio
and commuricstion facilities associated
with each telecine film projector. Connection
of projector to any studio is made by the
patch cross unit.
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Fig. 36
A closer view of the patch cross unit.
All video, audio, communication, and remote
control circuits between a projector and
studio are established by a single
patching operation.



AN EXPERIMENTAL STUDY OF WAVE PROPAGATION

AT 850 MC

Jess Epstein and Donald W. Peterson
RCA Laboratories Division, Princeton, N. J.

In establishing a television station the
prediction of the service area is of prime impor-
tance. In general this involves an evaluation of
the effects of such factors as wave refraction,
earth reflection, diffraction, and attenuation,
Most of these parameters depend upon both the
height of the transmitting and receiving antennas.
Plans were therefore made at RCA Laboratories
for ultra-high-frequency propagation studies
which would permit the evaluation of these fac-
tors in the prediction of field strength through-
out a broadcast service area. The most suitable
tower overlooking typical terrain was the 760-
foot WOR-TV tower in North Bergen, N. J., and
arrangements were made to use this location.

Field experiments were conducted in the

summer of 1952 with apparatus installed on WOR'

tower, on the Palisades just west of New York
City. Four high-gain unidirectional antennas
with beam widths which were narrow vertically
and broad horizontally were equally spaced along
the tower's height., These antennas were of a
novel zig-zag type developed at the Laboratories.
Because of the narrow vertical patterns, it was
necessary to tilt the antennas vertically to en-
able measurements on pattern maxima. This
was done remotely with selsyns to convey accu-
rate angular position to the operator. The
transmitters were 10 watt, self-excited oscil-
lators also remotely controlled and mounted at
each antenna in order to eliminate costly and
lossy transmission line. Field observations
were made in a car which was in radio communi-
cation with the station operator. The car was
equipped with a motor-driven telescoping 35-
foot mast which was installed periscope fashion
in the roof of the car.

Measurements were made along two quite
different radials, one flat and the other relative-
ly hilly. The data thus obtained is sufficiently
general to illustrate the effects and importance
of the various propagation factors previously
discussed.

A certain number of sites were selected
which were line-of-sight from the transmitting
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antenna. Some of these measurements con-
firmed the existence of an interference pattern
between a direct wave and a wave reflected
from the ground, as the height of the receiving
antenna was varied. However, the ratio of
maximum to minimum signal was usually low
indicating that the reflected power was small.
Where an interference pattern existed no bene-
fit was derived from increased transmitting
antenna height since maximum signal could be
obtained by an optimum adjustment of the re-
ceiving antenna height for any given transmitting
antenna height. The maximum field strengths
obtained undgr these conditions were close to
calculated free-space values.

An effort was made to obtain a fairly
homogenous sampling of measurements in a
congested residential area and a similar meas-
urement in open country. These were analyzed
to obtain '‘experience factors’' which correlate
the median transmission losses with transmit-
ting antenna height. These losses are a meas-
ure of the shadowing and attenuation effects of
buildings and trees and are one of the factors
which must be included in making field strength
predictions.

The last class of measurements included
sites that were shadowed by hills. These were
of extreme importance in that they provided
measurements against which prediction methods
could be checked. * The prediction involves the
use of the ‘‘experience factors'' and the calcu-
lation of the diffraction losses introduced by
hills. Although subject to many practical limi-~
tations this theory predicts that transmitting
antenna height is more valuable with moderate
than with heavy shadowing. It also shows in-
creasing shadow loss with frequency. Both of
these theoretical trends have been corroborated
as experimental tendencies. We have concluded
that useful predictions of wave propagation can
be made with free space theoretical field strength
reduced by theoretical knife edge diffraction
shadow loss and by suitable empirical experience
factors.



HIGH POWER UHF KLYSTRON APPLICATION
Austin E, Rankin
General Electric Company
Schenectady, N. Y.

This paper discusses some of the application
aspects of a group of 15 kilowatt tunable
klystrons which have made possible ultra-high-
frequency television broadcasting in any channel
at power levels up to 300 kilowatts, effective
radiation.

Six designs, type numbers GL-6237 to G1-6242,
cover the entire band, 470 to 890 megacycles and
offer many advantages to the equipment manufactur-
er and broadcaster.

High power transmitter design is greatly
simplified as these types contain most of the
radio-frequency final amplifier circuit including
integral resonators and input and output coupling
circuits, Driving power requirements are minim-
ized by the high gain of these devices; better
than 30 db when tuned for narrow band operation
and on the order of 26 db when broad-banded for
visual service,

Each klystron, pretuned before shipment for
service in a specific channel, is ready for
immediate installation in either the aural or
visual transmitter with only minor tuning adjust-
ments being required to optimize performance.

Klystron General Description

These tubes are three resonator designs hav-
ing unipotential tantalum disc cathodes heated by
bombardment, and a collector capable of dissipat-
ing 51 kilowatts. The cathode seals and output
seal are forced-air cooled; the drift tubes and
collector are water cooled. Electro-magnetic
focusing of the electron beam is required.

Klystron Construction

Figure 1 shows the functional parts of the
tube; tungsten filament, bombarded cathode, the
three resonators, input and output coupling loops
and water-cooled collector. Each drift-tube
section is also water cooled. In use the output
probe or antenna, enclosed in a glass bulb which
forms the vacuum envelope, projects into and ex-
cites a section of waveguide which must seat on
and make good radio-frequency connection to the
output flange., The input connection consists of
a 5/8" diameter L6-ohm 1ine coupling, UG-46/U.

Built-In Portability

Because of the weights of these types, rang-
ing up to 280 pounds for the lowest frequency
design, special attention has been given the prob-
lem of safe handling, storage, and installation,
Permanently mounted on the large diameter steel
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mounting plate, which also serves as a pole piece
for the electro-magnetic beam focusing system,

are four rollers which may be used to support and
convey the klystron along suitably designed
tracks or rails, The crate in which the tube is
shipped will contain a shock-mounted frame incorp-
orating a pair of such rails for loading or un-
loading a tube and a eorresponding set of rails in
the transmitter cubicle in conjunction with a
suitable transfer dolly will eliminate any neces-
sity to 1ift the tube.

General Circuit Requirements

Figure 2 illustrates the general circuit
requirements for operating the klystron. The
body of the tube is grounded directly. This elim-
inates the need for d-c voltage isolation in
mounting the tube, in the water lines or between
the tube and radio-frequency input and output
cavities, however it requires that the cathode and
bombarder supply operate below ground by the
amount of the beam voltage. The filament and its
supply must in turn be insulated for beam plus
bombarder voltage.

Filament Supply and Cathode Bombarder

The diode consisting of the bombarder cathode
and the filameet is operated emission limited in
the interest of keeping filament temperature at
the lowest possible value for longest life, This
encourages some instability in bombarder current.
This is due in part to the back radiation effect
of the cathode on filament temperature., For
example; if a slight increase in bombarder current
or voltage does occur, it results in increased in~
put to the cathode and a corresponding temperature
increase which in turn causes a slightly higher
filament temperature and a further increase in
bombarder current. Thus, the effects of slight
fluctuations normally encountered in filament or
bombarder supply voltages are greatly amplified
and must be compensated for.  This requires a
circuit which will react on increases in bombarder
current to decrease filament voltage. This cir-
cuit should start the filament at about 8 volts
and gradually reduce the voltage to the normal
operating value of about 6.3 volts as the filament
heats -and bombarder current: increases to a normal
value of about 460 milliamperes,

Mgmeti_c Housing

The magnetic field required for collimating
the electron beam is supplied by 4 independent
magnet-coils each requiring a variable D-C supply,
or if preferable, a common supply and separate
variable resistors., These L magnet coils include



one for each of the three resonators and a small
one surrounding the cathode region which is re-
versed in polarity to cancel out stray field from
the main coils, The separate control of each coil
current allows maximum flexibility in adjusting
for optimum operation with low drift-tube collec-
tion current and facilitates utilization of the
best possible gains and efficiencies. The magni-
tude of the magnetic. field required varies with
the tube type and the channel to which it is
tuned., Values will range between 300 and 400
gauss,

Beam Power Supply

The beam supply should have minimum capabili-
ties of 3 amperes at 17 kilovolts for full 12
kilowatt synchronizing peak level operation and
should be well filtered. An ammeter in series
with the positive side of the beam supply reads
total beam current. The negative terminal of this
meter is connected to the collector and also to
ground through a milliameter which reads drift-
tube collection current. The meters should, of
course, be shunted by low voltage breakdown devic-
es to protect the meters and insure that the
collector and positive side of the beam supply
will remain near ground potential in the event of
a meter burn-out.

R-F Output Circuit

The output circuit consists of a waveguide
section having tunable plungers in each end, The
klystron output probe is inserted into the guide
near one end and a probe near the opposite end
couples power out of the guide into 3-1/8", 50-
ohm coaxial line leading to the load or antenna.
The waveguide output section is one of two stand-
ard RTMA sizes. The WR 15004, 15" x 7-1/2" (RTMA
type) guide will be used for the three low freq-
uency types and WR 11504, 11.5" x 5.75" (RTMA
type) guide for the three high frequency types.
The length of the load probe and positions of the
end plungers will vary with each chanmnel and data
on these parameters will be available for the
equipment designer.

Special Tube Protective Precautions

There are a number of tube protective devices
which should be utilized in applying the klystron
in addition to conventional cooling interlocks and
overload protection on all supplies. Mismatches
in the waveguide section may cause over-heating or
puncturing of the output seal and protection should
be provided in the form of a directional coupler
and appropriate additional circuitry to remove
beam voltage when the reflected power exceeds a
certain minimum value, The coupler illustrated is
of the "Bethe-hole" coupler type., The VSWR should
not be allowed to exceed 2:1 in the guide. A
lengthwise slot in the guide with provisions for
mounting a probe and detector provide a convenient
means of measuring voltage standing-wave ratio.

It is important that the drift-tube collec-
tion current be maintained below 250 milliamperes

126

and an over-load relay should be provided to mon-
jtor this current and remove beam voltage if it
becomes excessive, As further protection it is
recommended that the beam supply be interlocked
with the magnet supplies to prevent application of
beam voltage without the magnetic field.

A protective resistance of 50 ohms should be
used in series with the beam supply to limit surge
currents in the event of an electrical fault in the
tube,

Maximum Ratings

I would like to review briefly the cooling
requirements for these tubes and the electrical
ratings.

Cooling Requirements

The collector requires a water flow of 15
gallons per minute for rated collector dissipation
of 51 kilowatts., This is obtained with a pressure
drop across the tube of about 65 pounds per square
inch. The drift tubes require 2 gallons per min-
ute at the same pressure drop.

Filament and cathode seals are adequately
cooled by an air flow of 300 cubic feet per min-
ute directed upward over the glass seals, The
output seal requires 15 cubic feet per minute,

Electrical Ratings

At the normal operating filament voltage of
6.3 volts the filament draws approximately 38 amp-
eres. The starting current with 8 volts on the
filament should not be allowed to exceed 100 amp-
eres,

The maximum bombarder input is 1200 watts.
This may be obtained with various combinations of
bombarder voltage and current within the limits of
3 kilovolts and 550 milliamperes. There is some
advantage in operating at bombarder voltages near
the maximum limit as this minimizes bombarder
current requirements and permits the filament to
operate at the lowest possible temperature with
beneficial effects on life,

Maximum ratings for broad band television
service include 18 kilovolts beam voltage and 3.25
amperes of beam current. The maximum beam input,
however, is limited to 51 kilowatts by the dissip-
ation rating of the collector which must absorb
the entire d-c beam power in the absence of drive.
This condition is approached when modulation is at
white level.

Performance

The characteristics and performance of the
klystron are well adapted for high power televis-
jon service from the standpoint of gain, linear-
ity and bandwidth.



Output Vs, Drive Characteristic

Figure 3 shows a typical performance charac-
teristic taken on a GL-6241 operating at 750 mega-
cycles. This was taken on a tube synchronously
tuned, however a very.similar characteristic is
obtained on a broad-banded tube with the exception
that power gain is considerably lower, It will be
seen that the characteristic is very linear up
through the region corresponding to black or
pedestal level and is sufficiently linear above
this level to permit operation at 12 kilowatts for
synchronizing peaks with only a moderate amount of
pre-emphasis, This particular characteristic sat-
urates at about 14.5 kilowatts. Efficiency at 12
kilowatts is 24..%.

Narrow Band Response

Figure L shows a typical narrow band response
curve taken with all three cavities synchronously
tuned. Power gain in the linear portion of the
characteristic may be as high as 33 decibels,

This response has a half-power bandwidth of about
2.25 megacycles,

Broad Band Response

Figure 5 is a response curve illustrating the
effect of stagger-tuning the resonators for broad-
band operation. There are a number of techniques
that might be successfully used in obtaining the
response needed for visual service,

One method involves isolating the klystron
from a driver having the proper response with an
attenuating pad of about 6 decibels., In this case
the klystron within itself must also have the
proper response. A second technicue inwolves work-
ing the driver through a line-stretcher directly
into the klystron and using the output-tuning and
coupling of the driving stage as additional vari-
ables in obtaining the desired over-all response
of the combination.

The latter method results in much better util-
ization of driving power since the attenuation is
eliminated and the klystron gain itself is higher
as it is not necessary to de-tune the cavities to
the extent required by the first method.

The response curve in figure 5 is that of a
klystron tuned within itself to have ample band-
width for visual transmitter service, This
response was obtained by synchronously tuning all
three cavities to a frequency corresponding to
visual carriet and then increasing the frequency
of the center cavity. In other words, with re-

spect to the center frequency of the response
band, the input and output resonators are tuned on
the low side with the center resonator on the high
side. It will be noted that the power gain, al-
though considerably lower than for narrow-band
operation is still a very respectable figure, 400
to 1 or 26 decibels.

Visual Trangmitter Operating Conditions

In order to operate on a characteristic that
saturates at 14 or 15 kilowatts, a condition desir
able for 12 kilowatt synchronizing peak level per-
formance, it is necessary to use close to maximum
input on the highest frequency types; i. e,, 3
amperes at 17 kilovolts, This should normally be
obtained with approximately 6.3 volts on the fila-
ment and with a bombarder voltage of 2500 volts
and bombarder current of about 460 milliamperes,
At lower frequencies somewhat higher gain and
efficiency may be expected and required beam input
ranges down to 2.5 amperes at 17 kilovolts permit-
ting a corresponding decrease in cathode heating
power,

Aural Transmitter Operating Conditions

The klystron used in the aural transmitter,
having to deliver only 6 kilowatts, may operate
with reduced beam power. The aural tube may also
be operated closer to the saturation level since
linearity is not a consideration. The reduced
beam input may be obtained by dropping both volt-
age and current to operate at 2 amperes at about
13 kilovolts or it may be obtained at 17 kilovolts
by reducing cathode input to emission limit the
beam to a value on the order of 1.5 amperes.

High Continuous-Wave Power Capabilities

Although presently rated primarily for tele-
vision applications at 12 kilowatts synchronizing
peak level, these six klystrons do have cotinu-
ous performance capabilities up to 15 kilowatts.
Thus from any radio-frequency consideration the
tutes are operated very conservatively in a 12
kilowatt television transmitter.

In conclusion, we feel that the 15 kilowatt
klystron with integral cavities, essentially a
complete radio-frequency amplifier in itself, is
the logical choice for high-power television.
Availability, exceptionally high gain, reasonable
efficiency for these frequencies and long life and
reliability inherent in the design are factors
which have brought these types to leadership in
the field of high-power ultra-high-frequency
television.

127



g2t

o "
BACKR POWER WAVE GUIOE
oETECTION 8 | RFINPUT_ ouTPUT CrreuT ] e
PROTECTION | I
o = e
T0 LOAD /]
0-C BEaAM b o ¥} 2 /
SUPPLY coIL NO.1
TRV, 3a SUPPLY /
0
b 3 /
COIL NO.2
BOMBAROER SUPPLY
— 0-C SUPPLY v 5 [ ]
) 3KV, 550 Ma -l—r—’_' F
OUTPUT SEAL ' QUTPUT FLANGE A conL NO.3 § )
ouTPUT PROBE —- " N SUPPLY « 6
ANTENNA wnigr - WATER g /
INL OUTLET A
|g€:’:¥‘%’§rzﬁ'¥;&° AUTOMATIC | C| COIL NO. & .
LR FILAMENT — LTS TYPICAL POWER-OUTPUT
COLLECTOR REGULATOR = : FOCUS RING TERMINAL / vs.mmlmm'sln
A CATHODE TERMINAL 2
- ~-6241 KLYSTRON
s " FILAMENT TERMINALS S VoL TAGE 4 17 K.
BEAM CURRENT = 2 9AMPS
© 0 2 " [
Fig. 2 DRIVING POWER - WATTS
> < TUBE SUPPORT Simplified circuit diagram - Pie. 3
ot Loor = goLEEss 15-kw klystron. g.
uPLI L . 'y
R (T Typical power outl.)ut.vs. driving
WATER COOLING X power characteristic GL-6241.
CHANNELS
tHo 10
TUNING ROOS DRIFT SPACES
!
DRIFT TUBES -
OR € 00 [
TUNNELS 3 ; R-F INPUT COUPLING LOOP
I
1 INPUT RESONATOR [ —
i  BUNCHER ) %0 \ N [ NS N e
: /_/Focusms RING \ k 6.3AMC —fod-—~-k o
——\CAYNOOE 80 B
A # FILAMENT / \
o a2 THOOE 8 g !
I ‘F:SCUSIONEG-QING -
TERMINAL §
€ 60 8
=z o FILAMENT TERMINALS § §
‘Er’// 15~ KILOWATT KLYSTRON ’8' s
TYPICAL CROSS SECTION 0 / 'E s
: / 3 \
1 g \ ¥
Fig. \ 5 / \
15-kw klystron - 2 g
typical cross section. TYPICAL NARROW-BAND TYPICAL BROAD-BAND
® (ﬁTREPEO 8 S?UM
Al Y STAGGER -
GL-6241 KLYSTRON
LTSRN TUNING RESONATORS
0 POWER GAN2000't GL-6241 KLYSTRON
POWER GAW +400 |
o 0 ] ST TS 754 185 156 O 748 750 752 3 0] 0
FREQUENCY MEGACYCLES FREQUENCY MEGACYCLES
Fig. 4 Fige &

Typical narrow-band response curve GlL-6241, Typical broad-band response curve GL-6241.



HIGH POWER UHF KLYSTRON AMPLIFIER DESIGN

Normen Hiestand
Varian Associates - San Carlos, California

In March 1951, Varian Associates announced
the development of a klystron suitable for use as
the final amplifier of UHF transmitters., Since
that time there has been a great deal of interest
and widespread acceptance of the klystron as the
best means of obtaining high power in the UHF
region, Today, tubes are in production to provide
15 kilowatts cw power over the entire UHF-TV band
end new designs are under way which will increase
this power by a factor of 5 (to 75 kilowatts) and
expand the frequency range in which this type of
tube is available,

The series of tubes that will be described
was developed for the General Electric Company
specifically for use in their high power UHF tele~
vision transmitter and this has been their prin-
cipal application to date., However, there are
many other uses for such klystrons and application
engineers are now considering their use in commm=
ications transmitters, dielectric heating units,
linear accelerators and the like,

Conventional amplifiers begin to run into
serious limitations which make their operation
relatively poor at ultra high frequencies, The
principal limiting factors are electron transit
time, lumped electrical reactances and low Q reson-
ant circuits., These limitations are so well known
that there is no need to dwell on them here, except
to point out how they are overcome. The klystron
combines the electronic bunching principal, which
simplifies the transit time problem, with the
rosonant cavity which largely elininates lump re-
actances and permits the use of high Q circuits,
Since spacings and size of the klystron are not
limited entirely by wave length, it is possible
to obtain very high power gain combined with high
output power and relatively good efficiency. Nor
do gain end efficiency fall off rapidly as frequen-
¢y increases. Gain as high as 33 db can be
obtained in the type of klystron to be described.
In television service the tubes are operated with
about 25 db gain, Efficiencies as high as 38%
have been obtained when operating at full 15 kilo-
watt power output.

Linearity of the klystron is important,
especially in the television application where
the tube is used as a linear amplifier, since any
distortion contributed by it would reduce the
quality of transmitted signal. Fortunately, lin-
earity is no problem. Power output is related
to power input as a Bessel function of the first
order. Almost perfect linearity is achieved up
to about 807 of full power, Where great linearity
is not required, as in synch pulses, the tubes are
operated to full output with a resulting increase
in efficiency,

Noise is held to a minimum in the power
amplifier klystron. There are no grids, therefore,
no partition noise. The cathode is outside of the
r.f. interaction region so that no hum is intro-
duced by a.,0. heater operation. Random emission
is not a problem at this power level, The main
source of noise is beam voltage ripple and, only
the simplest filtering will reduce this more than
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60 db below the carrier. It is these and other
advantages which will be pointed out that make the
klystron a superior means of producing high power
in a tube suitable for use as an amplifier,

The high power klystron will be considered
here for a fairly general viewpoint but certain
features of the Varian tube that will be of inter-
est to the system designer will be emphasized.
Fortunately, any klystron can be divided into three
separate units for purposes of description and in
the amplifier these are almost completely independ-
ent., These units are (1) an electron source or
cathode, (2) the r.f. section snd (3) an electron
collector., Or, put another way, the klystron con-
sists of an electron beam around which are disposed
certain r.f, components in a manner that largely
eliminates the high frequency effects commonly
encountered in more conventional tubes,

First let us review, very briefly and
qualitatively, the operation of a klystron power
amplifier. The problem is to transfer a low level
r.f. voltage to a high level r.f., current with as
much gain as practical and without introducing
undesirable components such as noise. This is
accomplished by superiwposing an r.f. component on
a d.c. beam of electrons, The r.f. component of
current is amplified by the familiar klystron drift
action, The klystron differs from conventional
amplifiers in that it makes use of the electrons
to produce the velocity modulation or bunching.
Furthermore, the r.f. oontrol signed is applied
after, rather than before the acceleration of the
electrons by the beam voltage, thus removing the
cathode from the r.f. interaction region. Incid-
entally, in the region between the cathode and the
first gap the electrons are accelerated to the full
beam voltage. The current in this region is ocon-
stant. This is an important consideration to the
power supply designer, Since the cathode current
is constant, a low impedance or regulated supply
is not required and, as already mentioned, very
little filtering is required to keep power supply
hum at least 60 db below the carrier level.

The r.f. signal to be amplified is intro=
duced into the first or buncher cavity. The volt-
age appearing across the first gap causes electrons
to be either speeded up or slowed depending upon
its phase. In the drift space between the first
and second cavities those electrons that are speed-
ed catch up with the slower electrons ahead of
them. Thus, the beam is broken up into groups or
bunches., This bunched current excites the second
cavity and in'the case of multicavity klystron the
beam is again modulated and further emplification
oocurs between the second and third cavities. In
the last or output cavity the beam is debunched
as the r.f. energy is extracted by the load. The
series of 15 kilowatt tubes has three cavities,
the 75 kilowatt tubes will have four. The desired
gain and bandwidth are the principal determining
factors. There is no theoretical limit to the
number of ocavities that can be used but practical
considerations usually limit the number of three
or four, although exporimental tubes having even
more have been successfully operated, Klystrons



with more than two cavities are called cascade
amplifiers and are analagous to a multi-stage low
frequency amplifier,

Consider now the formation and disposition
of the electron beam, The diameter and length of
the beam are determined principally by r.f. con-
siderations and physical convenience, the voltage
and current by desired power output and expected
efficiency. In the case of the Varian tube, a bean
about 1/2" in diameter, 3 feet long, using 17 thou-
sand volts and 3 amperes produces the desired re-
sults, Most klystrons use a conventional Pierce
gun and these tubes are no exception. One of the
main requirements of any tube is long life, so
instead of a standard oxide cathode, a pure tanta-
lum emitter 100" thick is used, Tantalum combines
ease of handling with relative freedom from contam=
ination and will give many thousand hours of oper=
ation, The cathode in any klystron is indirectly
heated to prevent beam modulation by filament
voltage. This cathode is heated by bombarding it
with dece beam of electrons obtained from a tung-
sten filament., 2500 volts, at 1/2 a is required
to heat the button, The cathode temperature is
approximately 2300°C. The life of the heater
cathode combination is designed to exceed 10,000
hours, One tube operated for over 7,000 hours and
failed only after someone dropped a wrench on it,
fipuratively speaking. “hen a failure occurs in
the cathode the tube can be returned to the factory
repaired, reprocessed, and returned to the custom-
er as good as new. This can be done several times.
The cost of this operation is far less than the
original price of the tube. It is this feature
which makes the total life of a given tube excep=
tionally long and the cost per hour of operation
exceedingly low, Actually, this compares very
favorably with the operating cost of high power
transmitting tubes in the broadcast region,

The beam terminates in a dissipating
electrode, or collector that is capable of dissi-
pating the entire beam power, which in the case
of the 15 kilowatt tube can be as high as 50 kilo=
watts., The collector is simply a cylinder over
which water is passed at a fairly high velocity =
sbout 16 g/m at 65 psi pressure drop., It is
insulated from the body or r.f. section of the
tube to aid in monitoring current,

The beam is kept from spreading in the
drift section by an extermal axial magnetic field
which can be supplied by a long solenocid surround=-
ing the tube, In practice, several coils are used
to permit access to the tube for tuning and other
adjustments. Individual control of the fields
provides a variable which can oftten be used to
optimize gain and power out and to regulate the
smount of current that is collected by the drift
tubes instead of the collector. This current is
called stray or body current. By proper adjust=-
ment of the fields 100% of the beam will reach the
collector, however, maximum power output doesg not
occur when body current is a minimum, Generally,
about 10% of the total current is permitted to
remein in the drift section. The reason is simple
enough., Coupling between the beam and the reson-
ant cavities is obtained in the gap of the reson=
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ant cavity. The voltage gradient across the gap is
maximum at the edge and diminishes toward the
center, and coupling is greatest where the voltage
is maximum, Therefore, as the beam diameter is
made smaller, to minimize body current, coupling is
reduced and performence falls off.

The resonant circuits used on a tube of
this type may take one of several forms and there
are many theoretiecal and practical considerations
that effect their design. The first basic choice
facing the designer to the type of cavity to use,
External cavities, that is cavities which are not
part of the vacuum envelope, offer certain advan-
tages among which are flexibility, possibly
greater tuning range and easily variable coupling.
Integral cavities eliminate all sliding contacts
and reduce the cavity losses. Both these factors
are extremely important at high power. A prac-
tical tuning range is obtained in the integral
cavity klystron by flexing a copper diaphragm to
vary the gap spacing. No mechanical tuning prob-
lems are encountered, since tubes of this type
are not required to be tuned repeatedly or even
often, Onhce adjusted they will stay on frequency
indefinitely. Perhaps the most important feature
of the integral cavity tube from the point of view
of the system engineer is that all of the high
level r.f. circuitry is designed into the tube and
is not subject to any type of deterioration during
the 1life of the tube. Nor, is any maintenance
every required.

The only circuit carrying high power, which
is not part of an integral cavity tube is the
transmission line to the antenna,

For maximum usefulness, any tube needs to
operate over as wide a frequency range as possible,
naturally, integral cavities tend to limit this
range somewhat but, since it is felt that at high
power levels the advantages far outweigh the dis-
advantages, integral cavities are used on the
Varian tubes., The useful range of any klystron
amplifier is limited by mechanical and electrical
considerations. For maximun gain and efficiency
the electrical length of the gaps is optimum at
only one frequensy. For a given gap spacing as
frequency is raised the gap becomes electrically
too long, as frequency is lowered it becomes too
short. In either case performance falls off some-
what.

Cavities are designed with several import-
ant considerations in mind. For maximum tuning
range the gaps must be as short as possible and at
the center of a doubly re-entrent cavity. The gap
should be short in terms of an r.f. cycle but not
so short that multipactor can occur between the
gap edges. This, of course, is particularly im=-
portant in the high level cavities. A word about
multipactor might be in order, for it is a very
real problem at high power and unless carefully.
considered in the design can cause unsatisfactory
performance at certain frequencies. Multipactor
is the result of secondary emission taking place
in an r.f. field, between two surfaces, such as
the gaps. If the power level is high enough and
the field has the correct phase relationship to



accelerate the secondary electrons in phase then a
regenerative r.f. current can be built up between
the surfaces. The effect is to load the cavity
ond possibly, if there is enough power, to cause
damage to tho surfaces., With this in mind a mini-
mum gap length is set and the length and diameter
of the cavity adjusted to resonate at the desired
frequency,

Energy must be coupled into and out of the
tube through tuned circuits = generally, but not
necessarily, loops in the input and output cavities,
It is helpful if these circuits can be made tunable,
since broadbanding of this type of circuit is
difficult, The Varien tube uses a coax which coup-
les directly to a type N line, The output is also
coax and it terminates in a probe which is inserted
into standard RTMA waveguide. Output coupling is
adjusted by a moveable short in the end of the
waveguide,

Coupling into the first cavity is adjusted
to present a match to the input drive. Usually, a
50 ohm line is used, This, combined with knowm
factors of beam loading and shunt resistance, deter-
mine the external G of the cavity. This is meas-
urcd and the coupling loop adjusted to give the
desired value. The output coupling is not quite so
simple but in general follows the same procedure
except that it is designed for optimum debunching
and not necessarily for a match. In all of this
design the parameters are determined partially from
theory and partially from past experience. There
ore too many variables to set up an all inclusive
design formula. As is the case with most tubes,
there is no substitue for a designer with years of
experience,

Taking all of the various factors into
account Varian engineers have designed a series of
6 tubes for the General Electric Company's UHF
television transmitter. Three use 9" diameter
resonators, 3 use 6" resonators, Each has a oper-
ating range of about 11%. They are tuned by vary=
ing the length of the gap. Input and output coup=-
ling is adjusted externally where necoessary so
that the tubes will mcet the following minimum
performance standerds. Operating at not more than
18 kv, with beam power of 51 kilowatts the tubes
will deliver 15 kilowatts saturation power with a
gain of 2 db when the cavities are stagger tuned
to give a bandwidth of 6 megacycles to the 1 db
points.,

A typical tube operating at 17 kv, 3 amper=
es at 750 megacycles has given 30 db gain at full
pover and 32 db low level gain. At 16 kv the low
level gain is practically unchanged while the high
level gain is somewhat lower., The fact that gain
remains almost constant up to about 3/h of full
power illustrates very effectively why power supply
filtering is not a serious problem,

Vhen all three cavities are tuned to the
visual carrier frequency of a television chemnel
a bandwidth of about 1 1/2 megacycles is obtained,
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The tubes are broadbanded by adjusting the reson=
ant frequency of the second cavity approximately
to the aurael carrier frequenty. This results in a
band at least 6 megacycles wide to the 1 db points
with slight peaks at the carrier frequencies,
Properly adjusted the tubes will transmit either
the visual or aural signal.

The designs described here can easily be
expaned to cover frequencies both above and below
the TV band, since once determined, it is a simple
matter to scale the design to a new center fre-
guency.

With the FCC announcement that a maximum
effective radiated power of 1 megawatt will be
pernmitted in the UHF-TV band it has become appar=
ent that still more powerful amplifier will soon
be required, Uith the television in mind Varien
engineers, at the request of the General Electrioc
Co., have started the design of an amplifier
klystron which will deliver a saturation power
of 75 kilowatts. The design for this tube is still
in the early stages but a few target specifications
will probably be of interest. The tube will oper=
ate at between 30 and 35 kv vwith about seven amper=
es bean current. It will have a broadbanded cathode
similar in design to that used on the 15 kilowatt
tube. Since it will be adventageous to keep the
r.fo drive power at a relatively low level tube is
being designed with four cavities. This will in-
sure a minimum gein of 40 db narrow band and 30 db
when broadbanded. The addition of the fourth
cavity will slightly improve efficiency so that a
value of L0 may be expected at saturation power,

There are two big problems that will have
to be solved before a successful tube cen be built.
These are the collector and the output window,
There is no theoretical limit to the emount of
pover that can be generated by a klystron. One
can certainly construct cathodes capable of supply=-
ing higher currents and operating at higher volte
ages than contemplated here. Focusing this beam
in the drift tube will require only about 200 gauss
because of the higher voltage being used.

Actually, collecting the 225 kilowatt beam only
becomes difficult when the overall length of the
tube is considered. In order to be practical the
tube must be held to a reasonable overall length
which means that a clever design will be required
to minimize collector length,

Almost as much power as is being contem~
plated here has been transmitted through a ceramic
dome similar to that used on the smaller tubes. A
version of this dome, probably water cooled, may be
used, but it is felt that a waveguide output
through a ceramic window holds more promise.

Design work is proceeding on this higher
power tube end it is probable that the first model
will be tested in 195, Further technical infor-
mation about the klystrons described here is avail=
able from either the Gemeral Electric Co, or
Varian Assocliates,



HIGH POWER UHF TELEVISION BROADCASTING SYSTEMS

H. M. Crosby
Development Engineer, Electronics Division
General Electric Company, Syracuse, N.Y.

Introduction

Several years of television broadcasting
experience in this country have shown the need
for a considerable increase in transmisgion
power of stations now operating in many locali-
ties. Several VHF stations have recently in-
creased their power many-fold, and others are
now making plans to do so in the near future.

When it became apparent that the UHF band
might have to support a large part of our tele-
vision service, several independently-conducted
propagation surveys were made to determine the
usefulness of this part of the spectrum. Re-
sults of these investigations have, in general,
indi cated that high power transmission would be
of special advantage at these frequencies, It
is undoubtedly true that in certain areas, well-
suited topographically far UHF propagation, low
and medium power stations will provide quite
satisfactory service, However, in many locali-
ties now assigned UHF channels, there is likely
to be no good substitute for high power. The
high ceiling of 1000 KW assigned to UHF tele-
vision by the Federal Communications Commission
indicates recognition of this fact. Unfortu-
nately, the difficulties of generating high
power at these frequencies, as compared to oper-
ation in the VHF bands, increase at least in
proportion to the frequency.

Two years ago the writer described the de-
velopmert and design of a successful 5 KW UHF
television transmitter employing a newly-developed
klystron amplifier tube,l1 Experimental on-the-
air operation of this equipment, together with
intensive twe and circuit development, has now
resulted in the successful commercial design of
a 12 KW transmitter. This transmitter, in con-
junction with a new design of high gain antmna,z
will provide up to 300 KW effective radiated
power throughout the UHF television band. The
transmitter and antenna are now in regular pro-
duction and several commercial installations are
underway. At least two of these are already in
daily operation and many more will be before the
end of the year.

Preliminary Considerations

In the preliminary stages of the usual trans-
mitter design, the engineer often has available
complete data on several types of tubes which
might serve the purpose, Then by a series of com-
parisons and compromises, coupled with a certain
amount of development, he tries to arrive at a
balanced design of transmitter. For the initial
planning of the high power stages in this trans-
mitter, there were no suitable tubes available.
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It was apparent that the tubes and the trans-
mitter would both have to be developed in paral-
lel. A study was made of the type of tube which
would be best suited to high power UHF operation.
Low power versions of certain types, such as
magnetrons and traveling wave tubes were tested
for television service. Advantages and disad-
vantages were weighed. The circuit to be used
with the tube had to be given careful consider-
ation. All in all, it seemed to us that the
klystron with built-in r-f circuitry offered the
best possibilities. Looking at it today, we
believe the choice was a fortunate one, and
certainly one which has resulted in achieving
high power UHF television much earlier than
might otherwise have been the case. The develop-
ment of the tube and its manufacture have been
described elsewhere in the literature. Here we
will consider mainly a brief description of a
successful transmitter design using the tube.

General Description of Transmitter

The General Electric 12-KW UHF television
transmitter includes a complete 100-watt trans-
mitter, driving separate high power klystron
linear amplifiers for the visual and aural
signals, The transmitter, as shown in Figure 1,
is housed in five cubicles forming one unified
assembly. The more frequently-used controls and
meters are located on the top front panels of
each cubicle, Here, also, are located the oper-
ating sequence lights which permit the operator
to quickly locate faults in functioning of the
equipment. Other controls, relays, switches and
auxiliary meters are located on the lower front
panels behind non-interlocked doors where they
may be inspected or adjusted anytime during
operation if desired. The 100-watt driver is
located in the center of the assembly, with the
visual power amplifier and rectifier cubicles to
the left. The aural power amplifier and its
rectifier equipment are located to the right.
Built-in wiring ducts in the cabinet floors per-
mit simple inter-cubicle connections by means of
the wiring harness furnished with the transmitter.
The cabinet assembly is 21 feet 6 1/2 inches wide,
37 inches deep and 83 inches high. The high
voltage plate transformers, filter reactors,
water-cooling equipment and circuit breakers are
located external to the transmitter cabinet. 1In
a typical installation these are usually located
in a separate room behind the transmitter. Also
external to the cabinet are the combination side-
band filter and diplexer as well as the dumy
load. In this design, component accessibility
has been kept in mind. All cabinets may be
entered through full-height doors in the rear



which are equipped for double safety with door
interlocks that remove dangerous woltages and
with door-operated groumding switches for all
high-voltage circuits. Cooling of cabinets and
small tubes is accomplished by filtered air,
using built-in blowers in each cabinet.

The Driver Unit

A functional block diagram of the trans-
mitter is shown in Figure 2. The dashed line
separates the 100-watt driver from the high
power amplifiers, 1In the 100-watt transmitter
serving ae the driver, standard commercial tubes
are used in circuits, which, for the most part,
are conventional up to one-fourth of the output
frequency. In the visual channel, these consist
of a highly stable crystal oscillator, followed
by a buffer and three tripler stages. The visual
signal is then doubled twice and amplified to the
100-watt level by means of Type 4X150A UWF
tetrodes in cavity-type circuits., The visual
crystal oscillator used in this transmitter has
been developed to a high state of stability to
meet the new rigid requirements of the FCC. This
will insure successful off-set carrier operation
for minimizing co-channel interference.

Visual Modulator

The output amplifier stage of the driver is
grid-modulated by means of the video signal
supplied by a clamp-type modulator. This modu-
lator is designed to accept a standard composite
video signal. This signal is then processed to
remove waveform imperfections and noise, ampli-
fied to the proper level and applied to the grid
of the r-f driver tue, Figure 3 will help to
clarify the functions of this modulator., The
composite video signal in passing through the
video amplifier, is also applied to a sync ex-
tractor circuit, followed by a sync stretcher
circuit which permits adding to the original sync
amplitude, A pulse-forming circuit generates
narrow pulses immediately following the trailing
edges of the synchronizing signals. These narrow
pulses, through the clamp driver circuit, key the
white-clip clamp, the sync-amplitude clamp, and
the pedestal-level clamp, which in turn, set the
pedestal level of the proper stages in the video
amplifier. The white-clip clamp may be adjusted
to the correct level to prevent over-modulation
in the white region. This is especially im-
portant in preventing hum in receivers which
are of the intercarrier type. The sync-amplitude
clamp provides a means of adjusting and maintain-
ing the correct percentage of sync. The pedestal-
level clamp permits adjustment of pedestal power
to the desired operating level. The cathode-
coupled output stage presents a low-impedance
source of composite video signal to the modulated
r-f amplifier.

Aural Modulator

Referring again to the block diagram,
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Figure 2, it will be noted that the frequency-
modulated aural signal is generated by a phase-
shift modulator, the center -frequency of which is
controlled by a crystal having a frequency in the
range of 147 to 268 kilocycles, depending on the
assigned channel. The audio signal, after pass-
ing through the proper network, phase-modulates
the crystal-controlled center frequency in such
manner as to result in pure frequency modulation
having exceptionally low noise and distortion.

Aural Frequency Control

The signal from the aural modulator is now
multiplied and filtered, after which it is applied
to a balanced modulator or mixer where it is
added to the considerably higher frequency de-
rived from the visual crystal oscillator. The
resulting sum signal becomes the controlling
source of the aural carrier. The visual and
aural crystal frequencies are selected in such
ratio that the visual crystal produces about 85%
of the frequency control of the aural carrier.
This signal is then multiplied by a series of
stages quite similar to those used in the visual
channel. The result is a frequency-modulated
aural carrier whose center frequency is 4.5
megacycles higher than the visual carrier, and
essentially controlled by the visual carrier
crystal. In other words, the visual and aural
carriers are effectively locked together with a
fixed separation of 4.5 megacycles, both carriers
deriving their principal frequency control from
the same quartz crystal. This method of control
permits utilizing to its maximum advantage the
intercarrier type of television receiver. There
are two other advantages resulting from this
uwnusual method of controlling the aural carrier.
It results in fewer stages of frequency multipli-
cation in the aural part of the transmitter, It
also results in a lower noise level in the aural
output, since any inherent f-m noise in the first
stages of the aural modulator, instead of being
multiplied all the way up to final frequency, is
instead merely "added" in the mixer stage, This
results in about 18 db less noise than would have

obtained from separate crystal control and
straight multiplication of the aural signal.

Driver As Emergency Transmitter

It may be emphasized again that the 100-watt
driver just described is a complete television
transmitter, and under emergency conditions, can
give a very good account of itself when coupled
directly into the antenna. 1It's effectiveness
should not be underestimated. Surprisingly good
results have been obtained from this low power in
certain localities having terrain well-suited to
UHF propagation., Figure 4 taken from a survey
made recently by an independent consulting firm 3
illustrates what coverage has been obtained from
this 100-watt transmitter operating temporarily
on one-half power at a typical installation in
the middle west. Equally good results are being
obtained at other installations.



Klystron Power Amplifiers

The visual and aural power amplifiers of this
transmit ter employ multi-cavity klystrons as
linear amplifiers, driven directly by the 100-watt
driver. These tubes, developed especially for
UHF television, and in particular for this trans-
mitter, have been well described in other papers,
It should be pointed out here that their use
greatly simplifies the high power stages of this
transmitter, due to their high power gain and
because of the fact that the r-f circuitry is a
part of these tubes,

Klystron Tuning

While the klystrons are usually tuned for
broadband television operation by the tube manu-
facturer before shipment to the station, tuning
adjustments can also be easily made in the field
if necessary. An r-f sweep oscillator, furnished
with the transmitter, may be used to check the
transmitter response when desired. This oscil-
lator is provided with crystal frequency markers
to permit adjusting the response to the correct
value, Figure 5 shows a typical response curve
taken on a 12 KW klystron properly adjusted for
operation in this transmitter. This tube has been
adjusted so that it is suitable for operation in
either the visual or aural amplifiers. This is
the normal adjustment, since each station is
usually equipped with three tubes, two active and
one spare,

Filament Control

Long life expectancy is one of the features
of these klystrons. To obtain maximum service
from each tube, the filaments are operated temper-
ature-limited, While this can be accomplished by
manual control if desired, an automatic filament
control circuit has been included for each kly-
stron used in this transmitter which is extremely
simple and reliable in operation, This permits
operating each klystron filament at the minimum
temperature necessary to provide the desired r-f
output power from the tube., The filament control
equipment al so automatically compensates for
normal line voltage variations., This method of
control will extend considerably the useful life
of a tube over that to be obtained by the more
common space-charge-limited operation usually
employed in tranamitter tubes.

Output Coupling

Since the klystron itself includes all the
resonant r-f circuits, there are none of the
usual transmission - line tanks, capacitors or
cavities with sliding contact tuning fingers to
flash over or burn out, A short section of wave-
guide is employed to couple the klystron to the
output coaxial line. Once installed initially
for a particular station, this waveguide needs
no adjustment of any kind.
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Handling the Klystron

The klystrons used in this transmitter are
naturally larger and heavier than conventional
low frequency tubes used with external circuits,
However, they may be easily installed and re-
placed by average operating personnel, In this
equipment the handling of the tube becomes a very
simple procedure easily carried out safely and
quickly by one person using a special carriage or
dolly provided with the transmitter. Figure 6
shows a klystron mounted on one of these dollies,
ready for installation in the transmitter. 1In
this case, the spare tube has previously been
fitted with its field coils and other attachments
and stored in a spare tube rack so that it is
always ready for quick installation in the trans-
mitter. The dolly supports the tube on two rails
similar to those installed in the tranmmitter
cubicle, To install the tube in its cubicle, the
rubber-tired dolly is rolled up to the rear of
the cabinet, where its two rails are clamped to
the extended ends of the tube-support rails in
the transmitter., The tube then rides on its
ball-bearing races into the transmitter cabinet
to the operating position., Its r-f output flange
is then fastened to the waveguide by means of
thumbscrews. Water-cooling connections are
quickly made by msans of quick-commect snap-on
fittings. Filament, cathode and field coil
connections are plugged in and the cathode-cool-
ing air boot fastened in place, The tube, having
been previously tuned before storage in the spare
tube rack, is now ready for operation as shown
in Figure 7.

High Speed Overload Protection

The transmitter operates from a 208/230 volt
3-phase power supply. The switchgear consists of
three electrically-operated air circuit breakers
which serve as the primary contactors for the
high voltage plate supplies, These breakers
provide high speed protection not usually possible
with ordinary contactors. Their high interrupting
capacity of 15,000 amperes is a desirable feature
too often overlooked in the design of high power
transmitters., This transmitter also offers other
time-tested and desirable features for minimizing
lost-program time, such as multi-shot plate over-
load recycling, instantaneous power line failure
reclosure, emergency start, and, of course, a
complete supervisory light system.

Filter and Diplexer

To meet the RTMA and FCC specifications for
vestigial sideband transmission, and to permit
operation of both the aural and visual trans-
mitters into a single transmission line feeding
the antenna system, this transmitter is supplied
with a combination sideband filter and diplexer
network. This consists of a series of resonant
cavities and transmission line sections so tuned
and adjusted as to properly attenuate the lower



frequency sideband, and at the same time, permit
combining of the two transmitter outputs with
negligible interaction. This network is of the
constant impedance type and is mounted external
to the transmitter, usually on a wall directly
behind the cabinet,

High Voltage Rectifiers

The rectifiers used to supply high voltage
d-c are usually one of the less-interesting parts
of a new transmitter design. However, in the case
of this transmitter, an unusual arrangement of
rectifier circuits results in considerable saving
of space, and what is even more important, a siza-
ble reduction in operating tube cost actually
amounting to several hundred dollars per year. A
high power klystron requires, far efficient oper-
ation, a rather high voltage, as compared to con-
ventional types of tubes, In this case, for
normal full power operation of the visual ampli-
fier, d-c potentials of around 17 KV are employed.
Normally, this would require mercury vapor recti-
fiers of large size to safely withstand the high
inverse voltages, Yet, the relatively low
currents required fall well within the ratings of
small rectifier tubes, Series operation of two
separate rectifiers using ths low cost Type 673
tubes proved to be the answer for this transmitter
in the case of the visual output stage. The aural
amplifier, requiring somewhat less voltage, is
supplied by a single rectifier identical to either
of those used for the visual channel., All three
rectifiers use identical 1liquid-filled 3-phase
plate transformers, provided with voltage-changing
taps and arranged for either wye or delta oper-
ation. By this flexible arrangement, a wide range
of d-c voltages is available. In the event of
transformer failure, which is, of course, a rare
occurrence with liquid-filled units, the trans-
mitter may be operated indefinitely at a sizable
percentage of its full power, using two of the
three transformers. This is made possible because
all three units are of identical design.

RF Transmission Line

The problem of efficiently transferring r-f
power to the antenna system at these high frequen-
cies is a real one, High losses occur in coaxial
lines, and large sizes of line must, therefore, be
used to keep these losses reasonable. Losses of
20 or even 30 per cent will not be unusual in the
use of high towers with long line systems, es-
pecially in the higher channels. By the use of
waveguide instead of coaxial line, the trans-
mission losses may be considerably reduced. Of
course, waveguide is more costly than even the
largest sizes of coaxial line and the tower sup-
porting it must be designed for the increased
wind load., It is perhaps the best answer for
transmitting maximum power in the case of antennas
located 750 to 1000 feet above the transmitting
equipment.
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Antenna System

A very important part of any high power UHF
tel evision tranmmitting system is the antenna.
Here we can employ really high gain antennas,
Power gains of 20 or 25 are entirely practical
in many locations. Since the number of wave-
lengths in the vertical aperture determines the
vertical directivity, it is possible to realize
high gain at these frequencies with structures
quite reasonable in size., There are several
designs of antennas that may be used for UHF
television, and in general, the coverage and
patterns are similar. But the type of antenna
used with this transmitter offers several im-
portant advantages. This antenna is of the
side-fire helical design. It has high gain per
bay, thus minimizing the number of feed points,
It is of low impedance design, making it remark-
ably free from the effects of ice and sleet, and
its construction permits use of a simple system
for deicing. A method of beam tilt and null
n£ill-in" is easily applied to this antenna in
the field when required by the particular terrain.

A single feed point at the center of each
bay drives two helices wound in opposite di-
rection, thus canceling the vertical radiation.
Due to the proper spacing from the supporting
mast, sufficient radiation occurs per turn to
result in almost no reflection from the ends of
a helix of only a few turns. The distance
around one turn is arranged to be an integral
number of wavelengths, so that currents in like
elements are in phase. A typical bay of this
type would be five wavelengths long and would
have a power gain of about five., A number of
such bays may be stacked to obtain the desired
gain, their feed points being an integral number
of wavelengths apart for in-phase excitation.

A five-bay antenna of this type recently
installed in the field is shown in Figure 8, The
feed line is coaxial, the mast itself serving as
the outer conductor. Each bay is probe-coupled
to the inner conductor to obtain its proportion
of the total power., Impedance match is main-
tained throughout the feed system, thus achiev-
ing maximum bandwidth. There are no points of
high voltage in any part of the antenna system,
This accounts for its freedom from the effects
of ice, The inner conductor of the coaxial feed
is shorted to the mast one-quarter wave below
the point of line entrance and again one-quarter
wave above the top feed point. Being hollow, the
inner conductor offers a simple means of feeding
the beacon light cablés up through the center of
the mast without disturbing the antenna field.
The entire structure ls at ground putential for
protection from lightning. .Since the top turn
of the structure is connected to the mast, a
simple deicing means is provided by merely pass-
ing 60-cycle current up through the copper-weld
helical conductors, the return circuit being the



mast itself., The helices are supported from the
mast by insulators made of Kel-F compound which
has a low dielectric constant, minimizing re-
flections at support points, and which also pro-~
vides great strength and excellent weathering
properties, The entire antenna is designed to
withstand extremely high wind velocities,

A five-bay antenna of this type has a power
gain of twenty-five, giving a beam width of 2,1
degrees in the vertical plane, and a substantially
circular horizontal pattern., In any antenna hav-
ing high vertical directivity, nulls will occur at
only a few degrees below the horizontal. 1In the
case of the five-tay assembly described, these
nulls would occur at approximately 2.2, 4.4 and
6.6 degrees below horizontal. In cases where an-
tenna heights of more than 1000 feet are desired,
this might result in low signals at certain
distances from the antenna well within the normal
service area of the transmitter, In such cases,
some beam tilt or null "fill-in®" may be required.
These adjustments are easily accomplished in the
field with this antenna design by use of swivel
flanges between each of the different bays, per-
mitting rotation with respect to each other.

Figure 9 is a plot of the vertical directivi-
ty determined by actual meaeurements taken at the
factory on the antenna shown in Figure 8, Be-
cause it was to be installed on top of a 1000 foot
tower, this antenna was ad justed to provide a
downward tilt of about 0.6 degrees to minimize
nulls., The horizontal pattern of this antenna,
plotted from actual factory measurements, is
shown in Figure 10,

First Installations

The country's first commercial high power
UHF television station began daily operation in
February of this year., This station, WHUM-TV,
located near Reading, Pennsylvania, uses a 12 KW
transmitter and a 5-bay helical antenna of the
type described in this paper to radiate more than
250 KW effective power, The antenna is mounted
on a 1000 foot tower at the top of a hill about
1600 feet above sea level, Power is fed from the
transmitter to the antenna through 7 1/2" x 15"
waveguide—-probably the longest run of large wave-
guide installed to date., Figure 11 shows the
transmitter as installed at this station. The
5-bay helical antenna, at the top of the very im-

pressive 1000 foot tower, is visible in Figure 12,
While field strength measurements have not been
completed at this early date, preliminary spot
checks indicate good results, particularly to the
east and south where the country is of more even
contour., As expected, some cases of poor re-
ception were found to clear up by proper instal-
lation of suitable receiving antennas and trans-
mission lines. In all UHF localities, one of the
most important jobs is certain to be the training
of dealers and servicemen in the proper instal-
lation of UHF receivers, The managements of these
two stations are to be congratulated on being the
first two commercial installations to use high
power in the UHF band.

Higher Power Development

Now, may we take a brief look into the
future, Having reached effective radiated powers
of 250 to 300 KW, we must consider the possibili-
ties of attaining the maximum power now allowed
by the FCC for UHF television; i.e., 1000 KW,
With antennas now available, having power gains
of 20 to 25, thie would require 4O to 50 KW at the
antenna feed point, using transmitters rated 50 to
60 KW, We believe such power is possible, using
methods quite similar to those now providing 12 KW
in our present transmitters. Developments along
that line are already under way, and with a reason-
able amount of luck, coupled with a lot of hard
work, we may realize our goal in the not too
distant future.
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Fig. 1
General Electric 12-kw uhf television
transmitter, type TT-25-A.
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Measured frequency response of 12<kw
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Fig. 6
Klystron mounted on dolly, ready
for instullation in transmitter.

Fig. 7

Fig. 8 - Five-bay helical uhf television antenna for channel €l.
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Measured horizontal pattern for
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Fig. 12
Five-bay helical antenna at top
of 1000-foot tower, WHUM-IV.

Fig. 11 - General Eleotric 12-kw transmitter installed at WHUM-TV.
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GAIN STABLE MIX®RS AND AMPLIFIERS WITH CURRENT FERDBACK

Gail 5. Boggs
National Bureau of Standards
Washington 25, D. C.

Abstract

Narrow band redio frequency amplifiers and
mixers may be stabilized by negative feedback
without increasing the bandwidth excessively.

A couple using current feedback is described.
This couple requircs only a simple resistive beta
circuit and may be designed such that the band-
pess characteristic is largely independent of the
feedback. Consideration is given to the problem
of input impedance and a design procedure is out-
lined. A discussion of the experimental results
concludes the paper.

Introduction

Inverse feedback mey be used to substantially
improve the gain stability of radio frequency
amplifiers and mixers.1:2:3 The use of voltage
feedback results in a reduced output imped~nce
and an increased bandwidth which is often desir-
able for wide band applications. Substantially
improved gain stability requires considerable
feedback. If a high degree of voltage feedback is
applied over two stages with a resistive beta
circuit, it can be shown that the gzain will rise
considerably at either extreme of the pass band.
Montgomeryz has presented a system using a reac-
tive beta circuit in order to obtain an essen-
tially uniform band pass response. This arrange-
ment also has the advantage of yielding a greater
gain-bandwidth product. When the bandwidth is
increased by the application of feedback, as is
the case with voltage feedback, the bandwidth
becomes dependent upon the zero feedback voltage
gain of the amplifier; the greater the increase
in bandwidth the greater is this dependence. This
is obviously an undesirable effect since the band-
vidth will decrease as the amplifier tubes age
even though the center frequency voltage gain re-
mains substantially constant. MNarrow band ampli-
fiers using voltage feedback require an unusually
high Q for the tank circults in order to obtain
a relatively narrow band pass characteristic.

The subject of feedback amplifiers has re-
ceived extensive treatment in the literature and
a considerable amount of this materigl has dealt
with voltage feedback systems. It is not uncommon
to find a discussion of the characteristics of
feedback amplifiers with no mention of the fact
that only voltage feedback is considered. In
order to avold possible confusion, it is felt
desirable to define voltage and current feedback
before proceeding. A voltage feedback amplifier
may be defined as one in which the feedback volt-
age is proportional to the voltage across the
output load. Similarly, in a current feedback
amplifier, the feedback voltage is proportional to
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the current through the output load impedance and
is independent of the load. Obviously only de-
generative feedback is considered in this paper.

It can be readily shown that current feed-
back results in an increase in the output imped-
ance of an amplifier and hence in many cases a
reduced bandwidth. In amplifiers using ventode
tubes the output impedance of the amplifier will
generally be sufficiently high without feedback
to present negligible londing of the tuned output
circuit. Hence, if the bandwidth of a current
feedback amplifier is determined by the output
circuit, the bandpass characteristic will bhe
essentirlly inderendent of both the feedback and
the zero feedback voltage zain.

This paper will be concerned with radio fre-
quency amplifiers and mixers arranged in a feed-
back couple with a simple resistive beta circuit.
The narrow band amplifier and mixer couples to
be discussed use current feedback and the band-
pass characteristic may, by proper design, be
largely independent of the feedback.

Amplifier Theory

Referring to Figure 1, it is apparent that
the feedback voltage for this system is derived
from the plate current of the second stage. Aas
a result, the system may be considered as a
current feedback couple.

The nomenclature to be used in the following
brief enalysis is given below. It is recognized
that many of the quantities listed are properly
complex but since we are interested primarily in
the center frequency considerations where phase
shifts are generally very nearly integral multi-
ples of pi, these ouantities are listed as reals.

A = voltage gain of couple without feedback

A = voliage gain of first stage

Ay = voltage galn of second stage

Ay = voltage gain of couple with feedback

A, = normalized voltage gain of couple

a) = Fourier series coefficient proportional to
conversion transconductance

b, = Fourier series coefficieat proportional to
the average transconductance

B = return difference

Gy = grid to cathode capacitance of first stage

C5 = cathode to ground capacitance of first stage

ez = grid tc cathode variationsl voltege of first
stage

ega = grid to cathode variational voltage of

second stage




= varlationsl input voltage

€ = cathode veriational voltage of first stage
eo = variational output voltage

Ef = maximum value of input voltage

Eo = maximum value of output voltage

fo = center frequency of couple ir cycles per
second

Af = bandwidth in cycles per second

8m = tube transconductance in mhos

8. = conversion transconductance in mhos

k, = constant proportional to the average trans-
conductance

k) = constant proportional to the conversion
transconductance

Qe = Q of cathode circuit

QL = Q of plate load impedance

R = cathode resistance in ohms

Ry, = effective plate load resistence in ohms

u =L _fo.af
£, f £,

x =@

Y4 = input sdmittance in mhos

21, = plate load impedgnce

wy = angulaf velocity of signal voltage

wo = angular velocity of oscillator voltage

It will be assumed that identical pentodes
are used in the couple to be analyzed and that the
load impedance is the same for each stage.

Figure 2 gives the equivalent circuit of the
couple. The grid to cathode and cethode to ground
capacitors are shown since input admittance con-
siderstions will be considered later. For gain
determinations, these capacities will be neglected
2nd the equivalent circuit reduced to three node
pairs.

Writing the three nodal equations and placing
them in matrix form gives

&n ©4 (gm+-%-+-zl';) 0 --ZJ; ey
-gm °i = —gm z]t 0 952 (1)
- i
(] zL €n 2y eq

where the input voltage may be expressed as
ey = ez + e, (2)

Solving (1) for e, and simplifying yields

[m1+@gg)+&szﬂui. (3)

8g = 3
l*gnp'fgm ZLR

1kl

For high gain, narrow band amplifiers
R << 2y, hence
gmz 2:2 e
eo= —2 "L %1 . (4)
1+g22 R

Il

Now by definition, the gain with feedbeck is,

e
Ag = ;f and the zero feedback gain (A)
2 2
Zem 21

Substituting in Equation (4)

SN (5)
Af L1 o+ AR
2y

Now by definition,

B-4 (6)

t

~ _4A
=2, (7)

which is a conveational form of feedback equation.
It is worthy of note that Zj, aprearing in the
defining equation for B represents the load imped-
ance of the second stage. A change in this im-
pedance will result in a linear change in Ag for
large values of B.

Bandwidth Considerations

In many epplications of this type of ampli-
fier it is desirable to have the bandwidth
independent of the feedback. Therefore, the
effect of the interstage tank circuit is consid-
ered briefly. For simplicity consider & resistive
load impedance Ry on the second stege. Equation
(5) is modified by this change to

A = —Rgy . (8)

The gain, Af and 4 must be considered to be
complex for the purpose of this discussion and
the subscript O denotes center frequency gain.
The complex gain without feedback can be shown
to be

A,

14

A (9)

since only one anti-resonant impedance network is
present. Substituting (9) in (8) yields

Afo

b = 1+ Iifzgg.

(10)



From inspection of BEquation (10) it is apparent
that the effective Q of the interstage circuit is
reduced by the feedback factor 1 + B, as is the
case with a single stage, voltage feedback ampli-
fier. 1If the resistive load Ry is now placed on
the first stage and the complex impedance 2y, on
the second stage, Zquation (5) is still valid but
A is now g;2 Ry, 2;. Following a similar procedure
yields

Afo

e o

Af=

Obviously the bandpass characteristic is unaffect-
ed by the apnlication of feedback provided pentode
tubes are used. For amplifiers using similar tank
circuits and feedback fectors of ten or greater,
the bandpass characteristic is essentially that

of the output circuit. The bandwidth of such a
system will be largely independent of the zero
feedback voltage gain until the gain and hence

the feedback factor, have fellen to a level such
that the interstage network beginsg to make an
appreciable contribution to the overall selcctiv-
ity. In addition, this system permits the use of
the feedback couple, with many of the attcndant
edvantages, without the necessity of using a
critical reactive beta circuit. Obviously, if

the interstage Q is less than that of the output
circuit, the bandwidth will remain independent of
voltage gain for lower values of 1 + B.

Input Impedance

It is well kn0wn4 that with a cathode follow-
er, the real part of the input admittance may be
negative. Since the first stage of this couple
operates with an essentially unbypassed cathode,
this stage may have a negative input conductance.
Fortunately, for high gain amplifiers operating
at frequencies of 10 Mc or less and with nominal
values of feedback, the magnitude of the negative
input conductance is sufficiently small that its
effect may be neglected. With couples requiring
a large value of cathode resistancc or operating
at high frequencies, the negative input admittance
may result in oscillation at or near the signal
frequency when the couple is operated with a high
impedance input. This discussion will be limited
to input admittance effects due to the unbypassed
cathode of the first stage.

The admittance equation is given in order to
allow the engineer to check a particular design.
Referring again to Figure 2, the nodal equations
may be written and the matrix solved for the real
part of the input admittance yj. Substituting for
the plate load impedance

z=._RL..
L1+ Jx
and assuning that En ZL > 1, gives

gy w36 %Rx2 - w0y Bx + wiCiR [c1 - c2§] )
x2 - 20(C) + Cy) BBx + (1 + B)2

Re (12)

12

Bquation (12) may be differentiated with respect
to x for a particuler case, to find the value of

x at which Rg y4 is a maximum or minimum. A
negative value of conductance may occur with a
positive value of x. It is this condition which
may lead to oscillation in certain cases with a
tuned input circuit. For ceanter frequency

(x = 0) operation the c¢onéuctance will be negative
when B > YL . At high frequencies or large values

c
of R, the %nput resistance may becoame sufficiently
negative to substantially increase the Q of a
tuned circuit driving the couple. If this occurs,
the system bandwidth will be a function of the
feedback factor. Fortunately, the cathode to
ground capacitance may be reduced at center fre-
quency by shunt resonating the cathode. Then the
input conductance will always be slightly positive
at the center frequency. If Qg << Q. the cathode
circuit may be considered essentially resistive
at the value of x at which the input conductance
is a maximum or minimum. Hence the resonant
cathode has very little effect upon the admittance
occuring at the values of x mentioned above. For
this condition Cy may be taken as zero in Equa-
tion (12). From the foregoing it is apparent
a negative input conductance may occur at two
regions, one at the operating frequency and the
other at a slightly higher frequency under the
proper conditions.

In cases where the desired feedback is
greater than 20 db or the operating frequency is
higher than 10 Mc the problem of input admittance
may assume serious proportinns. Hence it is
necessary for the design engineer to recogaize
these conditions. For example, at 30 Mc a couple
may be designed with a resonant cathode circuit
such that the input conductance is positive at
the operating frequency but the couple could con-
ceivably oscillate at a higher frequency if the
driving impedance is of the correct form.

Mixer Couple

If the first tube of the couple is replaced
by a mixer such as the 6SA7, the difference fre-
quency voltage may be used as negative feedback
to stabilize the mixer and amplifier operation.3
As a result of the oscillator excitation, the
mixer transconductance is driven from maximum on
one-half cycle to zero on the other. Hence the
instantaneous transconductance is a function of
the oscillator voltage and may be represented by
the Fourier series,

8ml = Yo + 81 sin wot 4 a5 sin 2wyt +. . . (13)
For the brief analysis which follows only the
first two terms of Equation (13) need be con-
sidered.

Since the plate circuit of the mixer is
tuned to the difference frequency (wz - wl).
only this component will be considered in the
output voltage e,, thus

ey = By cos (wp - wy)t. (14)



Let the signal input voltage at angular frequency
w) be
ey = By sin wyt. (15)

Assuming identical load impedances Zp for
each stage, Equation (4) may be modified to read
_ eml &m2 212 ey

= a (16)
1l +gm ém2 RZp

€o

Substituting the expressions given in Equa-
tions (13), (14) and (15) in the above, expanding,
and neglecting all terms which do not contain the
difference frequency, yields

- %1 6n2 B 47
.2(1 + bO &m2 RZL)

2

E (17)

o

For simplification let
é\ Il
b = ko =2k and al=kli'”*“
where k, and k; are constants determined by the
switching function of the mixer tube selected.

Writing Equation (17) in terms of gain and
substituting for b, and a)

A
Ap = . 18
SN T\ S
ElzL
The return differeace may be defined by
p = 2o RA (19)
k2,

and Equation (15) reduces to

Af=_

Obviously, for large values of B, the gain
is relatively independent of the transconductance
of either tube. It should be noted that k, and
k) are subject to variation due to changes in the
shape of the switching function which may result
from a change in oscillator voltage as well as
other causes. While this may be considered as a
limiting factor for stability improvement, experi-
mental results indicate that for pentagrid tubes,
these constants tend to change together. With a
high degree of feedback, inspection of Equation
(18) indicates little change in Ag with changes
in the value of the constants, provided that the
changes of ky; and k) are in the same direction
and of like percentage. Typical values of the
constants for a 6SB7-Y are ky = 1.2 and ky = 1.75.
The author has observed that larger variations
occur in the values of the constants of pentode
mixers.

Since the conversion transconductance is less

than the amplifier transconductance, a larger
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cathode resistor will be required to provide the
degree of feedback obtained with an amplifier
couple. At the signal frequency, the input
admittance may be negative due to the unbypassed
cathode. In fact, in some instances, Colpitts
oscillation may take place in the signal circuit.
The deleterious effects of a negative input im-
pedance at the signal frequency can usually be
minimized by a suitadle filter on the mixer
cathode or by a low impedance signal grid circuit.

In the case of amplifier couples it was
observed that the input impedance was negative
at a frequency slightly higher than that at which
the amplifier was designed to operate. Similarly,
with mixer couples, particularly those with an
i-f in the order of 10 Mc, oscillation may con-
ceivably occur when the input circuit is tuned
slightly above the i-f. While these conditions
would rarely be realized, the danger of oscil-
lation can be minimized by the use of low im-
pedance signal circuits.

Desizn Procedure

For the procedure which follows it will be
assumed that the load impedances are identical.
The design engineer may use this procedure with
suitable modification for both the mixer and
amplifier couples. Other variations may be
readily obtained to fit a particular case. It
will be further assumed that the feedback factor
1 + B, is large enough to permit the assumption
that the bandwidth is determined only by the
output circuit. No consideration is given to
the problem of input admittance.

Given:

(a) Calculate A = (1 + B)Ag.

of, £5, Ag, 1 + B, 8mo and gpy or &o*

(b) For mixer operation determine values of
k, and k) for the tube under consideration. These
constants may be determined by éraphical integra-
tion of the switching function. If this is not
expedient, assume k) = 1.5 and k4 = 1.0 and con-
tinue solution; suitable corrections must then
be made experimentally when the unit is under
test.

(c) Calculate the gain of each stage;
for amplifiers Ay = Ap = /K,
for mixers let k = Eﬂa ’

&c
Ay = kA
A
and Al—Azo
(4) Calculate Ry, = éﬁs .
f
(e) Calculate Q = Z% a



(f) Calculate C = G%; o

(g) Calculate R;
BBy
for amplifiers R = e g

ky BR
for mixers R = it W | .
BkoA

Alignment Procedure

To remove feedback for alignment and the
measurement of gain, the feedback line should be
broken and the cathode of the first tube adequately
bypassed. The output circuit must now be returned
to ground through a value of resistance approxi-
nmately equal to R. The plate circults may now
be aligned to the correct frequency and the gain
measured. When feedback is reapplied to the ampli-
fier, the output circuit only should be readjusted
for maximum at the same alignment frequency. If
the peak of the bandpass response does not occur
at the alignment frequency, the output circuit
should be adjusted for this condition. A slight
response shift may occur in some units due to
extraneous phase shift of the feedback voltage.

It is worthy of mention that steps must be
taken to minimize regeneration since an amount
which normally would be tolerated may result in
violent performance deviations in a feedback
couple.

Experimental Resultg

For amplifiers operating at low frequencies
and with relatively small values of 1 + B it is
often possible to replace the interstage tank
circuit with a resistor without encountering
excessive phase shift. An experimental amplifier
of this type was designed for operation at 50 kc
with a gain of 400. The bandwidth of the ampli-
fier was 0.5 kc. A supply voltage stability
curve with and without feedback is shown in
Figure 3 with normalized gain Ap plotted against
plate supply voltage. The substantial stability
improvement is immediately apparent. A 450 kc
amplifier, with each plate circulit tuned, was
algo tested experimentally with the results shown
in Figure 4. In this case higher gain wes required
resulting in a feedback factor of only 23 db. The
bandwidth under each condition of operation is
noted on the curve. The type of amplifier des-
cribed in this paper has been operated success-
fully at 15 Mc and cen probably be used at higher

1k

frequencies if suitable precautions are taken to
restrict extraneous phase shift of the feedback
voltage. Obviously, the input admittance prob-
lems discussed earlier must be given full con-

sideration at frequencies in the order of 50 Mc.

The use of this system .for mixer couples
results in operation very similar to that obtained
with the amplifiers just described. The stability
improvement of mixer couples is, in general, not
as great as that obtained in amplifiers due to
the variation in the constants k, and k) described
earlier. Satisfactory operation has been obtained

with a 6AKS5 pentode mixer operating at a 50 Mc
signal frequency and a 5 Mc i-f frequency. The
i-f stage of this couple was also a GAKS.

Conclusion

It has been shown that current feedback may
be used to stabilize radio frequency amplifier
and mixer couples without the use of a reactive
beta circuit. The use of this system will per-
mit the design of a narrow band amplifier whose
bandwidth is essentially independent of the feed-
back.

Since the output circuit is essentially
unaffected by the application of feedback to an
amplifier using pentode tubes, a complex filter
designed to provide the desired band pass charac-
teristic may be readily employed. It should be
noted that the impedance of any paths from the
output circuit to ground must be much larger than
the beta circuit impedance.
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VIDEO AMPLIFIERS WITH INSTANTANEOUS AUTOMATIC GAIN CONTROL

William E, Ayer
Electronics Research Laboratory
Stenford University

ABSTRACT

Circuits are described which allow essential-
ly complete control of the output/input amplitude
characteristic of a multi-stage video amplifier
handling both positive and negative input signals.
The incremental gain of each stage is determined
instantaneously by the signal current through the
tube, Germanium diodes are employed in the cath-
ode circuits to introduce degeneration for signals
above a predescribed amplitude. The gain reduc-
tion achieved in this manner lasts only as long as
the signal, so that recovery time is not adversely
affected. ’

Design relations are given for single steges,
snd for paired stages employing negative voltage
feedback, This latter configuretion, while more
complicated from the design standpoint than indi-
vidual stages, permits a wide choice of gain char-
acteristics (including zero or negative gain for
large signals), and is much less susceptible to
power supply ripple.

The process of cascading several stages or
pairs of stages to realize a desired output/input
characteristic is discussed. Some of the problems
that may be encountered with several cascaded
stages are indicated, and solutions outlined.

Using the techniques described, amplifiers of
100 decibel dynamic range are reedily constructed.
As a typical example, amplifiers of this dynamic
range and 100 decibel small-signal gain have been
built using three dual triodes., The over-all band-
width for this case was approximately 500 kc.

With the gain characteristic adjusted so that the
output signal is proportional to the logarithm of
the input signal, such an amplifier may be used to
provide a crystal-video receiver with cathode-ray
tube display without resorting to a manusal gain
control.

The sbility of these amplifiers to handle
signals of both polarities simultaneously greatly
reduces the overshoot problem usually encountered
in pulse amplifiers. When pulse-width fidelity is
required, an overshoot may be introduced near the
front end to prevent the pulse stretching which
otherwise occurs for strong signals.

An important feature of the circuit arrange-
ments used 1is the stability with respect to
changes of diode and tube cheracteristics with age
and temperature,

1. INTRODUCTION

In many microweve receiving systems, the in-
coming signel is detected directly, and then am-
plified to provide a usesble output signal. When’
the received signals are of a pulsed nature, a
video amplifier must be used following the detec-
tor to reproduce the envelope of the input signal,
Arrangements of this sort are often called crystal-
video systems,
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Work at this laboratory with crystal-video
systems has prompted an investigation of video am-
plifiers possessing special characteristics, The
principal results of this investigation are re-
ported in this paper.

Prior to the current investigetion, a consid-
erable amount of work was done by others along the
seme lines of attack. Mr. J. R. Wilkerson of Air-
borne Instruments Laboratory wes the first, to the
author's knowledge, to work with the diode degen-
eration scheme, a form of which is employed here.
Mr. W. R. Rembo ( formerly of Airborne Instruments
Laboratory and now at Stanford) made major contri-
butions to the development. The chief work of the
author has been in extending the circuitry to al-
low bipolar operation, and to develop design re-
lations,

2. BASIC CIRCUIT ARRANGEMENT

The circuit of a single-stage amplifier is
shown in Fig. 2.1. The quiescent currents through
the diodes are established by the resistors Rgy
and Ryp, which are large in comparison with Ry.
The condenser Cy is large, so that it performs es-
sentially as a battery for pulse amplification.
The grid bias for the tube is obtained from the
divider Rp); and Ryo.

For small signals the cathode-to-ground im-
pedance is typically of the order of a few hundred
olms, as determined by the sum of the dynemic re-
sistances of the diodes. Ry is always several
thousand ohms, so that it has little effect upon
the impedance to ground when the diodes are con-
ducting. The equivalent circuit is shown in Fig.
2,2, Under these conditions the stage exhibits
meximm gain, As the size of the incoming signal
is increased, the current through the tube changes.
For positive input signals, the current through Dp
increases, while the current through D) decreases,
When the grid signal is sufficiently large, con-
duction through D) will cease, and for all larger
signals the equivalent circuit will be that shown
in Fig. 2.3. For large negative input signals,
the diode Dp will be out of conduction, and the
operation may again be understood from Fig. 2.3.

For small signaels, then, the cathode degen-
eration is small, and the incremental gain is
large., As the input level is raised, conduction
through one or the other of the diodes stops, the
cathode degeneration increases to that provided by
the cathode resistor Ry, and the incremental gain
of the stage drops. The shape of the output/input
characteristic of a single stage is shown in Fig.
2.4, The upper curve illustrates the behavior
that would be expected on the basis of "ideal" di-
odes (constant resistance for all forward voltages
end infinite resistance for all back voltages).
The incremental gain would be large and comstant



up to the transition point, and then drop abruptly
to a lower constant value for larger signels.

In the practical case of high-conduction ger-
manium diodes, the dynamic resistance of the
series diodes increases as the transition point 1is
approached, so that the incremental gain falls off
before the actual transition occurs. The shape of
the output/input curve under these conditions is
illustrated by the lower curve of Fig, 2.k,

In designing stages for specific applications,
considerable freedom is available, Thus, the
small-signal gain may be varied over wide limits.
Similarly, the output voltage at which the gain
transition occurs, and the incremental gain for
large signals, may be adjusted to meet various re-
quirements, Steges of different characteristics
may be cascaded to provide a desired over-all
characteristic. For example, it is frequently de-
sired that the output voltage of the amplifier be
approximately proportional to the logarithm of the
input voltage. This characteristic may be closely
approximated by using a fairly large number of
identical stages, so that there are many transi-
tions or "knees" in the output/input curve. In
view of the gradual nature of the transitions
realized with available germanium diodes , the ap-
proximation is better than one based upon straight
line segments. The logarithmic characteristic is
obvicusly one of many which may be achieved.
Several others will be discussed later.

The control of gain characteristic for both
positive and negative input signals which is pro-
vided by the circuits described is important in
many practical applications wherein pulses of only
one polarity are to be amplified. First, it 1is
often very convenient to introduce a short time
constant somewhere in the amplifier to reduce
stray low-frequency signals from power supplies 5
etc, If this 18 done in an amplifier which has
large dynamic range for signals of only cne po-
larity, the overshoot produced by such a short
time constent can easily paralyze the system, re-
sulting in a long recovery time. If the gain is
controlled for signals of both polarities, this
Problem is greatly simplified,

In some applications it is necessary to pre-
serve pulse width. When large signals are applied
to an amplifier with IAGC, the weaker trailing
prortion of a received signal will be amplified
more than the main pulse, so that very large
amounts of stretching may occur. This may be cir-
cunvented with the bipolar amplifier by purposely
introducing an overshoot early in the amplifier.
The end of the pulse is thus defined by the base-
line crossover point, and will be faithfully re-
produced at the output.

Design Procedure

The design of a stage to provide a given
output/input veriation may be carried out in a
fairly direct manner. Some cut-and-try is gener-
ally necessary, but convergence to the proper com-
Ponent values is rapid, once a reasonably good ap-
proximation has been made,. *

Basic specifications are the smell-signal
gain, the output voltage at transition, and the
large signal gain., It is assumed that the

operating point of the tube has been chosen, and
that the gain characteristic specified is within
the capabilities of the tube.

First, a reasonable value for the plate load
resistor should be assumed. A satisfactory value
for the first trial may be found by computing the
Plate load required to realize the desired small-
signal gain without cathode degeneration, and then
doubling this answer to allow for the dynamic re-
sistance of the cathode diodes under quiescent
conditions, In the typical case of triode ampli-
Tiers, this estimated plate load is given byl

AlR

=2
X W

where A; is the desired small-signal gain for the
stage. Rp is the dynamic plate resistance, and s«
the amplification factor, evaluated at the opera-
ting point.

Next, the transition point may be approxi-
mated., This is done by finding the change in tube
current required through Ry to give the desired
output transition voltage. Since the cathode re-
sistor Ry will generally be large in comparison
with the dynamic resistance of the diodes, most of
the tube signal current will come from the diode
circuit. Thus, the output voltage at the time one
of the diodes goes out of conduction will be given
to a good approximation by

Vt = 1 oRL
where 1, is the quiescent diode current. When

greater accuracy is desired in determining the
output transition voltage, the expression

vt = ioRL + voRL/R'k (2.3)

may be used, where v, is the quiescent diode volt-
age drop. In typical applications involving high-
mu tubes, the large-signal incremental gain is
given approximately by

A = Ry /Ry

so that (2.3) and (2.%) may be used to complete
the first approximate evaluation of Rr, By, and {i,.

When these tentative values have been deter-
mined, the final design may be started. First,
the dynamir resistance of the series diodes for
the quiescent current i, should be found. This is
simply twice the resistance for a single diode.
Fig. 2.5 shows the measured dynamic resistance and
voltage drop v, as functions of i, for 1N56 ger-
manium diodes,

At this point the plate load resistor may be
recalculated. An equivalent Plate resistence of
the tube with cathode degeneration may be found

from
' = R
Ry < (1 +/) R
where Rp is the actual plate resistance, and R

(2.1)

(2.2)

(2.4)

(2.5)

lThe derivations of the equations of this
section are indicated in Appendix A,
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designates the resistance between cathode and
ground, In this case R would be the total dynamic
resistance of the diodes with the quiescent cur-
rent found from (2.2) or (2.3). The corrected
plate load resistance value may now be found from

1
) AlR
RL = T - Al )
where R is the effective plate resistance ob-
tained from (2.5) above.

With the new plate load a slightly different
i, will be required to re-establish the proper
transition point, which, in turn will result in a
different dynamic diode resistance. This "closing
in" on the proper values for Rp and i, generally
goes very rapidly, however.

When Ry and i, have been established, the
small-signal gain and the transition point are
fixed, and it remains only to cbtain the correct
value for the incremental gain A,. The circuit
element used to control A, is the cathode resistor
Rk. Its value may be found from

Ryl - By) - B
k (1+ /A) A2
To complete the design, values must be found
for Ry and Ryn, and Ry, Rg, Cg, end Cx. Since
the quiescent giode current i, has been determined
and the operating tube current ip has been chosen,
the zero-signal potential of the cathode is given
by

(2.6)

(2.7)

Vko = (1.p - io) Rk (2.8)
The potential at the junction of the two diodes
will be Vi, less the drop across Dy for the cur-
rent i,. This latter voltege is small for high-
conduction germenium diodes--typically of the
order of 0.3 volts for INS56's. The voltage drop
across D; will be equal to that across Dy, but of
opposite polarity, so that the voltage at the
lower end of Ry; will be equal to Vko. Since Ry
is to carry a current i,, it may be found from
(Vy = io)
i

The size of R,, may be determined in a similar
way. The voltage at its upper end will be

Vko - Vo» Where v, is the quiescent drop across
diode Do, Since Ryp is to carry the quiescent
currents of both diodes, the proper value is given
by

R (2.9)

tl

(Vc + Vo - vo)
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R (2.10)

t2 =

The grid-circuit components Ry, Ryp, Rg, and
C. are readily determined. First, it is usually
convenient to make the sum of Rp; and Rpp equal to
or greater than Ry;. Since the voltege across Cx
is generally small in comparison with the positive
supply voltage, this choice simplifies design in
that no appreciable fraction of the current
through Ry will be diverted from D;. It also
helps to maximize the discharge time-constant of
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Cx. The division of resistence between R, and
Rpp 18 determined by the operating grid bias
chosen for the tube, and the potential V, ex-
isting at the junction of Ryj, Ryy, Dy, &04 Cy.
If the desired grid bias is represented by V_, the
values of the bias resistors may be found frgm

Ro1 Ve
Ro1 * B2) Yo

Since the sum of the two resistances is assumed to
have been established, the individual values may
be found from (2.11),

The values for R, and C, are determined by
the usual considerations involved in pulse ampli-
fier design, and need not be discussed here.

The choice of the condenser C, is governed by

(2.11)

(2.12)

the consideration that the voltage at its upper
end should not vary appreciably in the presence of
strong signals. When one of the diodes is out of
conduction, a current i_ flows into or out of the
condenser, tending to change its voltage. The
magnitude of this voltage change under specified
conditions is easily found from
A iot
V= =—

Cx
where t is the length of the pulse. The manner in
which a voltage variation across Cy affects the
operation of the amplifier is rather complex, but
the primary result is a change in cathode poten-
tial. The quiescent cathode voltage following a
strong positive input signal, for example, is in-
creased by a somewhat smeller amount than the con-
denser voltege change given by (2.12). The result
at the output of the stage is thus an overshoot.
In practice, Cy is generally made as large as con-
venient on the basis of available condensers,
typically of the order of tens of microfarads.

3. A TYPICAL STAGE DESIGN

The design procedure Just described may be
illustrated by a practical example. Two stages of
en amplifier are shown in Fig. 2.6. The plate
load resistor R; was chosen to provide an over-
all bandwidth of a five-stege amplifier of approx-
imately 500 kc, corresponding to a stage bandwidth
of 1.3 Mc. A small-signal gein of about 85 db for
the five stages was required. Omn this basis, the
voltage gain per stege (A;) would be 7.1. The
output voltege at the gain transition was to be
approximately 3.5 volts, and the large-signal gain
(A;) epproximately 1.

Using (2.3), (2.4), (2.5), and (2.6), and the
diode dynamic resistance curve of Fig. 2.5, it was
found that the desired performance could be ob-
tained with a plate load resistor of 4.7k and a
quiescent diode current of 0.7 ma. A tube current
of 4 ma was used, giving a plate resistance of 18k
and an amplification factor of 60. The required
grid bias for this operating point was 2.8 volts.
Substituting 2(150) = 300 omms from Fig. 2.5 in
(2.5) and solving (2.6), the required plate load
was found to be 4,9k, The effective interstage
capacitence was estimated to be 25 micromicro-
farads, giving an upper 3 db point of 1,35 Mc.



The cathode resistor Ry was next calculated using
(2.7).

The values of the remaining circuit elements
may be found easily. The quiescent cathode volt-
age from (2.8) is

(4.0 - 0.7)ma(4.7)k
Ry will then be, from (2.9)
(250 - 15.5)v/0.7ma

The other diode bias resistor R
(2.10)

15.5 volts,

335k.
tp Will be, from

(250 - 15.5 - .3)v/1.4ma = 189k,

The grid bias divider composed of Ry,
be determined using (2.11), This rei
rewritten as

Y /V ko

= ——G—T megohms
B! Rpo - vg ko

with Ry, 8lso in megohms, This form is sometimes
more convenient, as it allows R,, to be chosen as
& standard value. In the example, Ryp was assumed
to be 1 megohm, For a grid bias voltage of 2.8
volts and a quiescent cathode voltage of 15.5
volts, is found to be 220k,

The cathode condenser Cy was made 30 micro-
farads, This value was chosen partly because dual
units of convenient size were available. From
(2.12) the change in condenser voltage during a
S-microsecond pulse (of sufficient amplitude to
drive one of the diodes out of conduction) would
be

and Ry, may
ation mey be

0.7 ma 5-10'653c
30-10 ~ farads

In practice it has been found that voltage changes
up to about 500 microvolts produced no appreciable
degradation of the performance of high-gain multi-
stage amplifiers, so that the 30 microfarad value
for Cy is adequate in most cases. Trouble may be
encountered in some applications when an overshoot
is purposely introduced early in the amplifier.
Under such conditions, the overshoot from a strong
signal would be stretched in passing through the
amplifier, so that the "off-time” of some of the
later diodes might be many times greater than the
length of the pulses being amplified., The impor-
tant time in determining voltage change on Cx
would then be the duration of the overshoot, and
this could be very large. In such cases, the
overshoot should be made as small as possible, con-
sistent with the requirements to be met, and Cp
should be made as large as possible, Additional
improvement can sometimes be realized by limiting
all signals above a prescribed amplitude before
entering the amplifier,

The choice of the interstage coupling com-
ponents is based upon normal pulse amplifier con-
siderations of desired low-frequency response,
allowable grid-circuit resistance, and physical
size of the coupling condenser. Values of 1 meg-
ohm for R, and 0.01 microfarads for C8 have been
found satgsfactory for most applications which re-
quired pulse lengths of the order of 0,5 to 5
microseconds to be handled,

Fig. 2.7 shows a series of oscilloscope

116 microvolts.
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Photographs of input and output signals for the
two stages of Fig. 2.6. The input signal was a
triangular wave with a fundamental frequency of
1200 cycles/second. With this sort of signal the
diodes are out of conduction for long periods, so
that appreciable change in cathode condenser volt-
age takes place. This causes some shift in the
positions of the gain transitions. The lower pic-
ture shows the input and output signels for the
condition of only the second stage going through
a gain transition, The center picture is for a
larger input signel, both stages being driven into
their low-gain regions, The upper picture shows
the change in output signal shape as the input
signal is varied, The lower of the three curves
shows linear performance, neither of the stages
having passed & transition. The upper two wave-
forms are for successively larger input signals,
and are identical to the output signals shown in
the lower two photographs.

The measured performance of the two-stage
emplifier with pulse signals is shown in Fig. 2.8.
A pulse width of 5 microseconds and a repetition
rate of 2000 cycles/second were used. The output
has been plotted linearly in voltage, and the in-
put linearly in decibels., The closeness to which
a true logarithmic response is approximated is
somevhat surprising in view of the fact that a 50-
decibel input range is being covered with only two
gain transitions (three segments). The maximum
departures from the logarithmic characteristic are
approximately 2 decibels,

4, MODIFICATIONS OF THE BASIC CIRCUIT

There are several variations of the basic
circuit which may be used to advantage in various
applications, First, there is the obvious possi-
bility of using pentodes in place of triodes. The
design procedure in the case of pentodes will be
slightly different than that for triodes because
of the presence of screen current in the cathode
circuit. The quiescent diode current for a given
output transition valtage will thus be somewhat
larger, as will the quiescent cathode voltage.

The gain-bandwidth considerations will, of course,
be different. To provide a given gain at some
specified bandwidth, a considerably smaller number
of tube sections will be required than in the tri-
ode case., Typically this ratio approaches cme to
two, so that the number of pentodes would be only
slightly greater than the number of dual triodes
to do the same job. In applications requiring the
pass-band to go up to several megacycles, the in-
stability of triodes, due to their high grid-plate
capacitance, would enter the picture, and pentodes
would be the best choice. At the lower bandwidths
(up to 1 Mc or so) triodes are quite satisfactory.
For many applications, the use of triodes is ad-
vantageous because of the relatively large number
of stages used. Since there is one gain transi-
tion per stage, a large number of steges results
in an output characteristic made up of a large
number of segments, A relatively good approxima-
tian to & desired over-all characteristic may thus
be obtained.

There are several other minor modifications
of the basic circuit of Figs. 2.1 and 2.6 which



have frequently been employed. The negative high-
voltege supply may be eliminated, and the common
diode bias resistor R., returned to ground. The
effect of this change is twofold: it reduces the
value of Ryp to such an extent that the large-
signal incremental gein is affected, and it causes
a slight reduction in the stability of the circuit
with respect to changes in components, For large-
positive signels will be effectively in peral-
lel with R, so that the large-signal gain will be
increased if is not several times greater than
Re. (In the two-stage emplifier of Fig. 2.6, Ry,
would have to be 10.5k to maintain the original
diode currents,) Since Ry alone determines the
incremental gain for large negative input signals,
the result of this change is to make the large-
signel gain less for positive than for negative
signals, Since the polarity of the signal is re-
versed in going through each stage, this differ-
ence in gain tends to average out in a multistage
amplifier. The over-all input/output character-
istic will not be as smooth as that obtainable
using a negative supply, but for meny epplications
the operation is entirely satisfactory.

The reduction of Ry, also causes some loss of
the circuit's ebility to adjust to changes in tube
and diode characteristics, although this has not
been found at all serious in practicel amplifiers
where Rt2 has been of the order of 10k to 20k,

A second type of circuit change which may be
made is to keep the negative high-voltage supply,
and to retwrn both R, and Ry to it. This allows
Ry to be made very large, which means that the
large~-signal incremental gein can be made very
small, Thus the circuit of Fig. 2.6 could be
modified in this way, raising Ry to 80k. The
large signal gain would then be (using (2.7)) omnly
0.057. This corresponds to rather effective
limiting action, and is easily obtained circuit-
wise,

Another modification of the besic circuit
which may be found useful is to bias the two di-
odes unequally so that the gain tramsitions occur
at different voltages for positive and negative
input signals. This brings out the fact that the
over-all characteristic of an amplifier may be ad-
Justed separately for positive and negative input

signals, The principel circuit change is in the
values of the diode bias resistors and .
With unequal quiescent currents, the amic re-

sistances of the two diodes will, of course, be
different. The sum of these resistances would de
used to determine the cathode degeneration in the
small-signal case, Output signel voltege at tran-
sition would be found from (2.2) or (2.3), with
the appropriate quiescent current and voltage sub-
stituted for i, and v,, respectively.

5, THE FEEDBACK PAIR

Up to this point the discussion has been
limited to simple grounded-cathode stages. For
two reesons which will be stated shortly, it 1s
often advantageous to operate the steges in pairs
with voltage feedback between grid and plate of
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the second tube. This sort of arrangement has
been described in the literature as a feedback
peir! The particular arrangement which has been
found useful in this work is shown in Fig., 5.1.

In this circuit the plate voltage for the
first tube is supplied fram the plate of the sec-
ond tube through the feedback resistor Ry. Since
the second stage has grid-to-plate voltage feed-
back, it will have a resistive input impedance de-

termined by the eamount of feedback, This input
resistance is given b,
a . Pe t Rt RRy o
in = 32 + (1 +/42)RL :

where Ry is used to designate the effective plate
resistance of the second tube., In circuits with
no cathode degeneratian, Ry would be just the dy-
namic plate resistance of the tube, With cathode
degeneration such as would be introduced in using
the IAGC circuits, R, would be given by Eq. (2.5).

Since the plate load of the first stage is
provided by the input resistance of the second,
the first stage gein 1is

MEBin
R1n+Rl

Al = (5-2)
vhere R, denotes the effective plate resistance, -
and M %he amplification factor of the first tube,
The first stage voltage gain given above is mea-
sured between grid and plate of the first tube,
The voltage gain of the second stage may be

found from
PR - B)
27 BR, +RR ¥ RE

(5.3)

where is the amplification factor of the second
tube, the remaining notation is as previously
defined,

The voltage gain of the pair is just the
product of A; and Ap. This may be written as

Ap - Fbe BtRe - Ry)
RRy + ReRy + RoRp + By R,y {1 )Ry
Another quentity of particular interest is the

impedance seen at the plate of the second tube.
The ocutput resistance due to the feedback is given

by
Rl + RF
Rl/fa(l-o-/aq + Rl,./R2 +1

The actual impedance seen at the plate of the tube
vould be the perallel combination of R, and RL

(5.4)

R

ot = (5.5)

1Serwera.1 forms of this circuit, though not
the exact one used here, are discussed by Van
Voorhis in "Microwave Receivers," vol, 23 of MIT
Rediation Lab, Series, pp. 524-526.

2'1'he derivations of the equations in this
Section are indicated in Appendix B.



The advantages of the feedback pair for this
type of amplifier may now be stated. First, note
that the gain of the second stage is proportional
to the difference between MoRp and the effective
Plate resistance of the second tube, If the
JAGC diode arrangements are incorporated in the
cathode circuits of the pair, it is seen that the
large-signal gain of the second stage may be var-
ied over wide limits by changing the second stage
cathode resistor Rys, which, in turn, controls Rp.
It is readily possible to make the large-signal
gain (which will be designated by Ayp) zero, or
even negative, if desired.

Since this same difference term appears in
the over-all gain expression given by (5.L4), the
gain of the pair above the first transition point
may be controlled to a large extent by R»,. In
the particular case of Ay, equal to zerokaugRF=R2),
the total gain Ap is also zero for all signals
greater than that required to drive the second
stage to 1ts gain transition. Pairs arranged in
this way thus operate as limiters, and as such are
very useful in certain applications. For this
special case the value of Ry» may be readily found
using Eq. (2.5). Thus

R, + (1+ )R
. 2 27x2
Ry e (5.6)

which, in the case of typical high-mu triodes may

be reduced to
Reo = Bp

(5.7)

with good accuracy.

The second adventage of the feedback pair re-
sults from the low second-stage output resistance
resulting from its grid-to-plate resistive feed-
back. As a result of this low resistance, the
feedback pair is relatively insensitive to power
supply ripple. This consideration is of impor-
tance at low signal levels (stages operating at
maximum gain), and this is the condition under
vhich maximum discrimination against supply volt-
age ripple 1s realized, As will be shown later,
the ripple output of a feedback pair 1s typically
something like 20 decibels less than that of a
pair of stages without feedback, but of similar
gain characteristics,

Design Considerations

The techniques for determining component
values in the basic grounded-cathode circuit are
applicable, in general, to the feedback pair, but
several new considerations must be dealt with.
The necessary departures in design procedure are
best brought out by following through the action
of a pair with IAGC circuits incorporated.

For small input signals, the output will be
proportional to input, and the two stages will
operate at maximum gain, As the input level is
raised, a point will be reached at which one of
the diodes in the second-stage cathode circuit
will cease to conduct, so that a change in over-
all incremental gain will occur. One point to
note here is that all of the change in second tube
current required to reach this first transition
point does not flow through the loed resistor Ry,
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some going into the feedback resistor R.

When the gain of the second tube drops, the
input resistance of the stage increases. Accord-
ingly, the gain of the first stage increases, so
that the decrease in over-all gain is much less
than the decrease in second stage gain. (This is
to be expected because of the gain-stabilizing
properties of negative voltage feedback.) As the
input signal is increased further the first stage
goes through its transition, and the over-all
incremental gain decreases again. The over-all
characteristic may be stated in terms of the in-
dividual stage parameters. The required stage
gain characteristics to realize a desired over-
all performance are illustrated in Fig. 572. The
small-signal gain of the pair, A}, 1s equal to
the product of the small-signal gains of the first
and second stages, A)jAp). The intermediate pair
gain A, is given by tﬁe product of the first-
stage intermediate gain, and the second-stage
large-signal gain, A)oAss.. The large-signal gain
of the pair is given by %he product of the first-
stage large-signal gain and the second-stage
large-signal gain, A13A22. The first output tran-
sition voltage le is"equal to Vz; the second,
Vo, Will occur at a voltage Vpy + (Vy5 - Vp))A,,.

When the desired over-all characteristic is
known, the design of the individual stages must be
worked out in a cut-and-try fashion, due to the
dependence of first-stage operation upon that of
the second stage. Thus to obtain the proper in-
termediate gain, the large-signal gain of the
second stage must be less than it would be in an
amplifier made up of separate grounded-cathode
stages, tO overcome the increase in first-stage
gain from All to A With this lower gain,

Ay, must then be increased to provide the desired
figal gain A,. As a rough working rule, the
cathode-to-ground resistors in a feedback pair
will be approximately twice the size used in sepa-
rate stages to obtain a given response.

As mentioned earlier, the quiescent diode
currents in the second stage must be somewhat
greater than would be used with separate stages
to realize the same output voltage at the first
transition. The required quiescent current may
be found from

1o=Vm [l/RL + (l+l/A21)/RF] - voe/Rk2 .(5.8)

The first term represents the change in current
through the load resistor to provide the desired
transition., The second term accounts for the ad-
ditional current which must be supplied to the
feedback resistor. The last term represents the
increment of tube current which is supplied from
the cathode resistor Ry, a8 discussed in Section
2 and Appendix A.

‘The diode currents required in the first
stage may be specified in a similar way by the
relation

Vol

\'/ Vs =V,
= 2o 2k (5.9)
kl

1= . .
oL = Rimfsy o Bipdhsp

Here Ry  designates ‘the input resistance of the
second stage below its gain transition, and Rino



the input resistance above the gain transition, es
calculated from Eq. (5.1).

From the preceding discussion of the feedback
pair, it is epparent that the design procedure is
considerably more complicated than for the basic
eircuit without feedback. FPerhaps the most diffi-
cult phase of the design is to achieve a rough ap-
proximation to the desired performance. Once this
has been obtained, the directions and approximate
amounts of component chenges may be estimated, and
a suitable final arrangement achieved without par-
ticular difficulty. To facilitate the process of
obtaining a first approximate circuit, a general
procedure is given below,

Once reasonsble parameters (m and plate re-
sistance_ have been chosen for the tube to be
used, an approximate value for the feedback resis-
tor Ry may be found from (5.4), To do this values
must be assumed for the dynamic resistences of the
cathode diodes so that the effective plate resis-
tances of the tubes (R; and R2) may be found.
Also, a value must be assumed for Ry. (The effect
of a poor value for RL is not very serious, as it
has relatively little effect upon the small-signal
over-all gain Al‘)

When a first value for Ry is determined, the
small-signal gain of the second stage may be found
from (5.3). An approximate value for the output
voltage at the first gain transition may now be
found from Eq. (5.6) by neglecting the last term,
The value of above the first transition may be
found using (5°4). The second cathode resistor

R, may now be found using Eq. (2.5). The actual
value of Vy may now be determined using (5.6).
The require& value for Rl may now be found from

(5.4). Ry, may now be found from (2.5). The out-
put voltage at the second transition can now be
determined directly, using (5.1), (5.3), and (5.7).

Using\this procedure, the desired over-all
geins (A, A, and A ) will be realized, but the
output transition vo%tages (Vpy and V.m) will not
generally be correct. The process of correcting
the transition points involves changing the quies-
cent diode currents and recalculating the over-all
response, If the initial asswmptions are not too
far out, the finel values can be found with one or
two such recalculations,

The values for the diode bias resistors, grid
bias and coupling resistors, etc., may be deter-
mined directly from the appropriate relations given
in Section 2,

The circuit of a typical feedback pair de-
signed for a logarithmic output/input character-
istic is shown in Fig. 5.3. The measured perform-
ance with positive input pulses is as follows:
Small-signal voltage gain, Aj; = 36. Output volt-
age at first transition, Vp = 3 volts, Gain
above first transition, Ap = 5.7. Output voltage
at second tramsition, Vp, = 6.5 volts. Gain ebove
second transition, Ay = 1.0, The performance
above the first transition is slightly different
with negative input pulses because no negative
supply is used for diode bias. The relatively
small resistors used betwsen the diode junctions
and ground thus cause the gains to be different
for positive and negative signals, as discussed in
Section &,

In this circuit the first tube operates with
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a plate current of 3.5 ma, and the second with
4,5 ma. The quiescent diode currents are approxi-
mately 0,75 ma. Since the plate voltage for the
first tube is supplied through the 22k feedback
resistor, it operates at a relatively low voltage.
In this design the first tube operates with a
plate voltage of 135 volts, and a cathode voltage
of 22.5 volts, The grid bias is about 0.75 volts,
The plate voltage of the second stage is 212 volts,
while the cathode voltage is 31 volts., The second
tube bias is 2,0 volts. Under these conditionms,
each tube has an amplification factor of about 60,
and a plate resistance of approximately 15k.

To illustrate the insensitivity of the feed-
back pair to power supply ripple, a comparison
between the circuit of Fig. 5.3 and that of Fig.
2.6 will be made, For this purpose, the fraction
of supply ripple appearing at the first plate of
each type of amplifier will be calculated. For
these computations the amplifiers will be assumed
to be operating at their maximum (emall-signal)
gain, since this is the condition under which rip-
ple is bothersome, First, for the basic circuit
of Fig. 2.6, the effective plate resistance for
the calculated operating conditions may be found
using Fig. 2.5 and Eq. (2.5). This is found to be
36k. The fraction of available ripple which will
appear at the plate will be determined by the
voltage division between plate load and effective
plate resistance. This is found to be 0.86. 1In
the case of the feedback pair, the fraction of the
total ripple voltage at the second plate is first
found using Fig. 2.5 end Eqs. (2.5) and (5.5).

The effective plate resistances of the two stages
is found to be 32k, From (5.5) the ocutput resis-
tance of the second stage due to feedback is found
to be 0.86k., The fractional ripple at the second
plate is found as above to be 0.155. The ripple
on the first plate will be less than this because
of the dividing action of the 22k feedback resis-
tor and the 32k effective output resistance of the
first tube. The fractional ripple at the first
plate is thus found to be 0,095, so that the feed-
back pair gives an improvement of 0.86/0.095 =
9.05, or 19.1 decibels.

The amplifier of Fig. 5.3 may be converted
into a limiter by changing only two resistors.

For this type of operation the feedback resistor
is made 8.2k as indicated by (5.7). This chenges
the operating conditions of the first tube con-
siderably, so that the resistor determining its
grid bias must be changed. The original 3.5 ma
plate current is obtained if the 33k bias resis-
tor is raised to 68k.

6. CONSIDERATIONS KRELATING TO COMPLETE AMPLIFIERS

Up to this point, attention has been focused
upon the problem of designing stages or pairs of
stages to operate in a certain manner, There are
a few points pertaining to the cascading of stages
which should be mentioned at this time.

When several identical stages are cascaded,
the increments of output voltage between succes-
sive transitions is not constant., This may be
understood by considering an example. Let the
small-signal gains be A, the stage output tran-
sition volteges be V, and the large-signal gains



be Ap. As the input signal to the amplifier is
increased from zero, the last stage will go through
its gain transition at an amplifier output voltage
of V. The output of the preceding stage at this
point will be V/A;. When its output increases to
V the second transition will occur. The output of
the preceding stage will thus increase by an amount
V - V/A; before the second transition occurs at
the output, so that the voltage between first and
second trensitions will be AoV(1 - 1/A)). At the
time the second tramnsition occurs at the output,
the output of the second from last stage is again
V- V/A The next increment of output voltage is
thus A2 v(1 - 1/a1), etc,

In the special case of = 1 which is fre-
quently used in practice, the first increment at
the output is V, and all remaining increments are
of amount V(1 - l/A ). When Ap 1is significently
different from unity, the size of the output volt-
age increments will change progressively as the
input signal 1s increased.

The same sort of increment variation will be
present in the case of feedback pairs. Here the
first two transitions are determined by the pair
design. Assuming identical pairs, the output
voltage increment between second and third tran-
sitions will be [Vp - V. /A1 - (V'ra""r )/a5) A
The fourth increment wil i Tge
fifth increment will be the same as the th?rd ex-
cept that A, appears squared. Sima.larly, the
seventh, nihth, etc., have A3 , ete,
sixth, eighth etc,, output volt e increments
will bs the same as the fourth, except for A3 5

33, etc,, terms,

In a typical case of identical pairs with
equal increments between first and second transi-
tions and unity large-signal gain, A,, it 1s found
that there is a repetitive variation™in the size
of the output increments. If, for example, the
pair characteristics are A = 36 Ap =6, A3 =1,
Vpp = 3 volts, and Vpp = 6 volts, the output volt-
age increments are found to be 3, 3, 2.4, 3, 2.4,
3, ete, If all but the last pair are altered to
have output transition voltages of 3.6 volts and
6.6 volts, the output increments will all be 3
volts,

Another consideration relating to the cas-
cading of several stages or pairs is that of over-
driving in the later tubes, Difficulty of this
sort may be encountered when the grid of the last
tube of a high-gain chain is driven negative. 1If
the signal at this point exceeds the quiescent
cathode voltage, clipping will occur. This situ-
ation will be worst when feedback pairs are used
because of the higher gain of the first stage, as
illustrated in Fig. 5.3.

There are several ways to get around this
difficulty. First, other comsiderations permit-
ting, the size of the output voltage increments
of all stages may be reduced, This, of course,
results in a smaller amplifier output voltage for
a given large input signal, Second, it mey be
possible to reverse the signal polarity so that
the larger signals at the last grid are positive.
Since the stage operates with a large unbypassed
cathode resistor, very large positive signals may
be applied without drawing grid current, Another
possible solution , when pairs are being used, is
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to convert the last two stages to the basic cir-
cuit (no feedback). In typical cases this will
reduce the signal at the last grid by a factor of
two.

7. CONCLUSIONS

One of the most important aspects of the op-
eration of the type of amplifier described here is
its stability with respect to variations in the
characteristics of the tubes and germenium diodes
employed., Considerable difficulty from these
sources wes experienced in earlier circuits which
involved diodes connected directly between the
cathode of the tubes and ground. A "floating"
arrengement is used here in which the voltage
across & large condenser adjusts to changes in di-
ode and tube characteristics. In practice it has
been found that tubes and germanium diodes may be
selected at random with no appreciable change in
circuit performance., The drop in the back-
resistance of germanium diodes which occurs at
high temperatures causes no appreciable change in
circuit operaticn, since the diodes are effec-
tively in parallel with the stage cathode resis-
tors which are typically 10k or less.

APPENDIX A
DESIGN RELATIONS FOR THE BASIC IAGC CIRCUIT

The stendard expression for the voltage gain
of a grounded-cathode triode state is .

!
RL + Rp
When this is solved for , the expression given
in (2.1), without the factor of 2, results. Typi-
cally the degeneration due to the conducting di-
odes in the cathode circuit is such that the gain
A 1s realized when the plate load resistor is
doubled. The accuracy of (2.1) is dependent upon
the quiescent diode current, the characteristics
of the diodes, the tube parameters etc., so that
it is useful only for starting the design.

The simple relation given by Eq. (2.2) is
usually of adequate accuracy for the practical de-
termination of output voltage at the gain transi-
tion. The answer will always be socmewhat low,
since some change in the cathode potential is
necessary to overcome the diode voltage drops. A
correction term of

vRL/Ry

may be edded to (2.2) to improve the accuracy.
The actual chenge in cathode voltage is samewhat
greater than v, because of the increased current
through the diode not being driven out of conduc-
tion. The slight under-correction realized with
Eq. (2.3) compensates for the gredual decrease in
gain before the actual transition voltage is
reached, so that the output of the stage for large
signals may be found with good accuracy if the
E)utpt)xt voltage at transition is determined from
203 .

A= (A.1)

(A.2)



An equivalent circuit representation of a tri-
ode with cathode degeneration may be found using
Thevenin's theorem. The circuit for signal fre-
quencies is shown in Fig. Al, and the equivalent
in Fig. A2.

The equivalent generator voltage is first
found by assuming that the load (Rp) is infinite.
The current through the circuit is then zero, so
that the open-circuit voltage is just -)Ns. The
impedance seen from the output terminals is then
found with the internal generator Vg shorted out.
For this determination Ry in Fig. A2 is replaced
by a zero-impedance generator, and the Vs ternm in
the equivalent generator is dropped. The net
driving voltage is then V - MiR, so that the cur-
rent that flows is given by

1. 8 (A.3)
Rp + R
Solving for V/i, the output impedance is found to
be Ry + (1 + MR, as given by Eq. (2.5).

Eq. (2.6) is obtained by solving the gein re-
lation given by (A.l) for Ry with the plate resis-
tance of the tube replaced by the equivalent out-
put impedance obtained from (2.5).

The expression for R, given by (2.7) is found
by writing the expression for lerge-signal incre-
mental gain

IR

= RL"'Rp"'(l"'f‘)Rk

and then solving for Ry. The approximate relation
for Ap given by Eq. (2.4) comes from the exact
equation given above, It 1s based upon two assump-
tions which are usually met reascnably well in
practice. The first is that the amplification
factor of the .tube is much greater than umity.
This is a reascneble assumption for all tube types
likely to be employed in pulse amplifiers of this
sort. The second assumption 1s that KRy is large
in comperison with the sum of Ry and Ry. The
error resulting from this latter approximation cem
become large if the large-signal incremental gain
is appreciably greater than cne, Considerable
error then results because Ry must be fairly emall
to realize the desired gain., When the indicated
assumptions are made, Eq. (A.4) reduces directly
to (2.4).

Eqs. (2.8), (2.9), (2.10), and (2.11) require
no expleanation, as they result from straight-
forward application of Ohm's law,

Eq. (2.12), giving the chenge in potential of
the cathode condenser during a strong signal, fol-
lows directly from well-known relations., The
charge in a condenser is given by Q = CV, where C
is the capacitance and V the voltage. If a con-
stant current i, now flows into or out of the con-
denser for a time t, the charge will change by an
amount AQ = i,t, so that the incremental voltage
chenge will be AV = 1,t/C, as given in (2.12).
(This expression will be very neerly exact even
if AV should be several volts, because of the
high-voltage, high-resistance sources which supply
the diode currents.)

A, (A.4)
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APPENDIX B
DESIGN RELATIONS FOR THE FEEDBACK PAIR CIRCUIT

The input resistance of the second stage of a
feedback pair is readily found using the equiva-
lent circuit shown in Fig., Bl, The loop equations
are

1,(By + Ry) + 1,(Ry) = (1 + )V (B.1)

and

1,(Ry) + 1,(Ry + R) = MV (B.2)
The input resistance is found by solving for 11
and then determining V/i;. This is given in

Eq. (5.1).

The voltage gain of the second stage is de-
termined by solving (B.l) and (B.2) for i, mlti-
pPlying by Ry to obtain the output voltage, and
then dividing by the input voltage V. The result
is given by Eq. (5.3).

The expressiocn for first-stege voltage gain
given by (5.2) is obtained fram the standard tri-
ode gain relation of Eq. (A.1), the load being
provided by the input resistance of the second
stage.

The over-all gein of the pair mey be calcu-
lated by multiplying the individuel stage gains
given by Eqs. (5.2) and (5.3). The result is
given by (5.4).

The output impedance of the second stage may
be calculated by replacing the plate load resistor
by & zero-impedance generator., The equivalent
circuit is shown in Fig. B2, The loop equations
are found to be

1,(Ry + By + Ry) = 1,(R;y) = - phye (B.3)

end
-1,(Ry) + 1,(Ry) = ppe + ¥V (B.4)

Since e 1s equal to 1;R,, these may be rewritten

as
11[RF + R2 + Rl(l + )‘2)] - 2(32) =0 (B.5)
and

-110?11 - Ra] + 1(R) = V (B.6)

The output resistance is found by solving for i,
end then determining V/ie. The result is given
by Bqa. (5.5).

The relation for second-stage quiescent diode
current given by Eq. (5.8) may be derived in a di-

rect manner. The first term, V, might be
termed the useful part of the to diode current,
since it sets the output transition. The addi-

tional current that must be supplied to the feed-
back resistor is given by Ve, (1 + 1/Ay;)/Rp. This
current is greater than V. % by 1/Ay; because of
the action of the feedback. us, when there is
unit signal voltage at the plate of the tube, there
must be a signal of opposite polarity and magni-
tude 1/Ap; at the grid, to which the feedback re-
sistor is comnected. The gain here is the small-



signal gain of the second stage. The last term
vol/sz accounts for the increased tube current
vwhich comes from the cathode resistor Ryo in pull-
ing the diode out of conduction.

The quiescent diode current required in the
first stage may be specified in terms of the out-
put transition voltages of the pair. This rela-
tion is given by (5.9). The first term represents
the change in the tube current of the first stage
up to the first output transition. The output
voltage at the first plate will be Vqy/A,, when
Vrp 1s reached, so that this portion of the cur-
rent will be VTl/(R Ay)). The second term
represents the addi%g%nai change in first-tube
current necessary to provide a second output tran-
sition voltege of Vpp. This term is similar to
the first, the incremental change in output volt-

+Ep

Fig. 2.1
Actual circuit.

e
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i

= (NACTICAL DIODES

Fig. 2.4
Output/input characteristic
for one stage.
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Fig. 2.2
Small-3ignal equivalent.

age appearing in the numerator, and the input re-
sistance and gain of the second stage in the de-
nominator. Since the second stage is above its
gain transition, the appropriate values Rine and
Aps are used,
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Fig. 2.3
Large-signal equivalent.
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AN AUTOMATIC LEVEL-SETTING SYNC AND AGC SYSTEU

E.

0. Keizer 3

RCA Laboratories Division
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and

Motorola,
Chicago, Illinois

Introduction

When a modern television receiver
is tuned to a good, clean signal--one
without interference of any kind--the
resulting picture is likely to be steady.
However, if high energy impulse-type
interference, such as ignition interfer-
ence from automobiles, occurs along with
the signal from the television station,
the picture may jitter, may roll, or, in
severe cases, may become completely
unsynchronized and unusable. This 1is
more likely to happen if the signal is
weak, and may become a serious problem
in some areas. In many cases the pic-
ture would still be usable, even with
the interference, if it were steady.

The failure to synchronize in the
presence of impulse noise is often the
result of charging up of the sync sepa-
rator and automatic-gain-control cir-
cuits by such noise pulses, causing the
useful sync information to be suppressed
or entirely lost in the sync separator
output. It is the purpose of this paper
to describe a sync separator and auto-
matic-gain-control system wherein such
charging up is reduced, resulting in
steadier pictures.

Conventional System

Figure 1 is a block diagram of a
conventional sync separator and auto-
matic-gain-control system. The diagram
has been simplified by lumping into one
block all automatic-gain-controlled
amplifiers, and into another block all
other signal stages.

A portion of the video output is
applied to the sync separator. In most
receivers the sync separator is self-
biased, the bias following the peaks of
the composite video output so conduction
normally occurs during the sync peak
portion of the signal, but not during
the picture portion of the signal. How-
ever, if there are long or numerous
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peaks of interference having greater
amplitude than the sync portion of the
desired signal, the self bias voltage
will increase toward the level of these
peaks. Thus the self bias voltage will
tend to be too large and all or part of
the sync portion of the signal will be
biased beyond the sync separator oper-
ating range, resulting in loss of
synchronization-picture jitter and
roll.

The automatic-gain-control voltage
may be derived from the video output
also, or from before the video ampli-
fier stage.. In either case, it may
also be susceptible to the same long
or numerous noise pulses that affected
the sync separator. As a result too
much gain control bias may be developed,
causing a reduction in the amount of
desired signal present in the input to
the sync separator; where the noise is
especially bad, the desired signal may
be almost completely suppressed.

Thus, if either the sync separator
circui’ or the automatic-gain-control
circuit charges up on noise energy, poor
synchronization is likely to result.

Fixed-Bias Sync Separator Systen

Assume that a given television
receiver has high maximum gain and a
noise-immune automatic-gain-control
circuit with a flat video output ampli-
tude characteristic. Then, under all
usable signal conditions, the sync
peaks would be at a certain dec level
in the output. 1In such a receiver it
would be possible to use a direct-
coupled sync¢ separator, externally
biased from a stiff voltage source to
operate at that sync peak level, and
charging up would not occur; useful
sync output would continue in the pre-
sence of impulse noise. The perform-
ance of such a system would depend
upon the accuracy and reliability to
which the sync peak level could be



maintained with respect to the bias
level under conditions of varying sig-
nal level and interference.

In practice, there are usually
three difficulties to such an arrange-
ment. First, the gain and speed of
response of the automatic-gain-control
loop may be inadequate to maintain the
signal level sufficiently constant to
keep the sync portion of the video
amplifier output within the operating
range of the sync separator, resulting
either in loss of sync or in picture
information being present in the sync
output. Second, the automatic-gain-
control voltage may be affected by
interference, resulting in failure to
maintain the proper signal level and
in loss of sync. Third, the signal
may be so weak that the maximum gain
of the receiver may be insufficient
to maintain full video output, again
resulting in loss of sync.

Bias Level-Setting Sync and
Automatic-Gain-Control System

The system to be described over-
comes these three difficulties and pro-
vides good sync and automatic-gain-
control performance, more immune to
impulse noise than conventional circuits.

A simplified block diagram outlining
this sync and automatic-gain-control sys-
tem is shown in figure 2. The self-
blasing sync separator of the first
figure has been replaced by an externally
biased dc-coupled amplifier stage. This
serves the double purposes of sync sepa-
ration and of additional automatic-gain-
control loop amplification. The auto-
matic-gain-control voltage itself is
derived by another stage operating from
the separated sync which appears at the
output of this stage.

This double-purpose stage has a
definite noise-limiting level and the
automatic-gain-control stage which
follows is biased so the sync peaks are
automatically held very close to that
level. The added gain in the loop is
helpful in this respect. Also, because
the automatic-gain-control stage oper-
ates on a signal from which the noise
peaks have been clipped close to sync
peaks, its noise immunity is consider-
ably improved.

The external bias applied to the
sync separator is a voltage, controlled
by the automatic-gain-control voltage,
which decreases when the video output
decreases on very weak signals. Such
a variable bias can be obtained from
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the low-voltage terminal of a resistor
connected in series with the plate cur-
rent of the gain-controlled i-f ampli-
fier stages. At this point the voltage
drops when a weak signal is being
received, due to the increased current
in the amplifiers at low automatic-
gain-control voltages. This connection
is indicated in figure 2.

Using the i-f amplifiers to bias
the sync separator stage adds a parallel
stage of gain in the control loop, one
that i1s most effective for weak signals
where the normal automatic-gain-control
voltage is least effective. With this
dc amplification added to the control
circuit loop, high gain is maintained
at all signal levels, insuring close
automatic tracking between the level
of sync peaks and the noise clipping
bias. Since the additional amplifica-
tion holds the video output to a level
determined by the gain-controlled i-f
amplifier plate voltage rather than to
a fixed delay voltage, the resulting
video output voltage versus r-f input
voltage characteristic of the receiver
is not as flat as it would be with a
conventional high-gain delayed auto-
matic-gain-control circuit.

Effects of the
Variable External Bias

Figure 3 shows two output versus
input curves 11llustrating the effect
of the variable bias. Data for curve I
was taken on a relatively low-gain
receiver converted to the new system,
while curve II is a composite curve
made up in its sloping portion of the
output versus input characteristic of
the same receiver with the automatic-
gain-control voltage shorted, and, in
its level portion, of the constant
output that would result if an ideal
delayed automatic-gain-control circuit
were employed.

In operation, this circuit always
develops some autonatic-gain-control
bias. It is fortunate, therefore, for
its operation that at very low biases
the gain of the controlled i-f ampli-
fiers does not change rapidly, and the
maximum gain of the receiver is not
greatly affected. However, delay of
the application of automatic-gain-
control voltage to the tuner is Pro-
bably more important for best noise
factor for this system than for sys-
tems developing no automatic-gain-
control voltage of very weak signals,

Since the sync separator bias
follows the signal level, the noise



clipping level of the sync separator
remains close to the top of the sync
peaks for weak as well as for strong
signals, thereby maintaining good noise
immunity for signal levels that would
be below the automatic-gain-control
threshold in a conventional system.

Also, since the sync peak level of
the video output is controlled by the
external bias on the sync separator,
that bias is useful in maintaining back-
ground level in the presence of rapid
or large signal level changes.

Variations in Circuits
Using This System

The foregoing description was
intended to be an outline of the prin-
ciples of the system, and therefore
omitted ecircuit details. It was found
that many different variations in the
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A conventional sync and AGC system.

actual circuitry were workable and
noise-immune. For example, in some
cases the automatiec-gain-control vol-
tage was obtained using a keyed recti-
fier tube and in some cases using a
non-keyed rectifier system. 1In some
cases the video signal was applied to
the cathode of the sync separator tube
and the external bias to the griagd,
while in others the signal was applied
to the grid and the bias to the cathode.
In some cases the sync separator output
was direct-coupled to the following
sync amplifier stage and in others it
was ac-connected. The keyed automatic-
gain-control stage and direct-coupled
sync amplifier stage were found to
contribute to noise immunity.

In each case, it was necessary to
be very careful about the initial design
of the overall system, but once so
designed, operation was reliable and
non-critical.

SIGNAL
INPUT

OTHER STAGES
IN SIGNAL
AMPLIFICATION

RF AND IF
AMPLIFIERS
CONTROLLED BY
AGC VOLTAGE

EXTERNALLY
BIASED SYNC
SEPARATOR

Fige. 2
Level-setting sync separator
and AGC systen.

(3
glo TTTTT T T 1 ‘r T f T
s = T
g: 11 T' T Acmver M ‘ ] |
< ’ T il 11
§:_QP,A~‘ ‘A<.nH mRii ‘ 4
3, ill T T 1
g, WLt 1 [ 110
> 4 I l“ | tlll[m ] li (U hi ail | |

"0 80 100 S00 L} (1} 30K 100 1000

R.F. INPUT TO ANTENNA - MICROVOLTS

Fig. 3

Video output vs. signal input.

160



PACKAGED ADJACENT CHANNEL ATTENUATION
FOR TELEVISION RECEIVERS

John P. Van Duyne
Television Receiver Engineering Dept.,
Allen B. Du Mont Laboratories, Inc,
East Paterson, New Jersey

The ability of a television receiver to
perform adequately in the presence of adjacent
channel interference has become, in spite of
the best allocation work of the FCC, an in-
creasingly important factor in receiver sales.
Now that the long awaited thaw of the "freeze"
on television transmitter Construction Permits
has occurred, there will be more areas in the
country in which adjacent channel interference
will be a problem. These areas usually lie
half way between centers of high population
density in which adjacent television assign-
ments exist and are usually at or beyond the
secondary service areas of each, A typical
area in which adjacent channel interference
is a serious problem, is Trenton, New Jersey.
Here, chahnels 2, 4, 5, 7, 9, 11, 13 from
New York are received with varying success,
Sandwiched in between are channels 3, 6, and
10 from Philadelphia. (See Figure 1) The
directivity limitations of television antennas
being what they are, a large portion of the
burden of separating the desired from the un-
desired program material falls on the tele-
vision receiver itself,

The designer of a Television receiver has
to decide what degree of protection against
adjacent channel interfererce he should design
into his product. This decision must be made
from the following factors:

1. The ultimate desired list price of the
television receiver.

2. The relative importance of adjacent
channel attenuation as weighed against
simplicity of design, components, and
alignment,

3. The percentage of sales of the product
expected in areas where adjacent channel
attenuation is a problem,

This decision which the designer must make,
is bound to be a compromise in the face of the
preceding conflicting requirements. Since it
is usually undesirable to manufacture more than
one chassis design, the manufacturer usually
decides, in the interest of economy, to market
a receiver with considerably less than adequate
adjacent channel attenuation for those areas
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previously described.

The design problem posed by the relative
importance of adjacent channel attenuation
and a high, reproduceable, degree of electric
fidelity is a severe one. A brief elaboration
on the relation of the adjacent channel atten-
uation requirement to that of good electric
fidelity is in order. As in most band pass
system designs, the design criterion for
maximum phase linearity is not necessarily
compatible with the criterion for maximum
adjacent channel attenuation. As in classical
filter theory, the placement of the "poles"
and "zeros" within the frequency range of
interest determines the basic response charac-
teristic of the television receiver. Due to
physical and economic limitations, a high
degree of adjacent channel attenuation is not
achieved in the usual television tuner. Hence,
the burden of adjacent channel rejection falls
on the intermediate frequency amplifier. For
similar reasons, the electric fidelity of the
receiver is largely determined by the IF
amplifier and secondarily so by the video
amplifier. Since the IF amplifier must
provide high gain, adjacent channel attenua-
tion, and control the electric fidelity, it
is readily seen that the major portion of the
adjacent channel attenuation problem occurs
in the I.F. amplifier design. To provide a
high degree of electric fidelity, the IF
amplifier system should have a nearly linear
phase characteristic throughout the pass band
and extending approximately 750 KC down the
slope on the picture carrier side of the pass
band. To achieve this high degree of phase
linearity, sharp changes in amplitude response
must be avoided, if expensive correcting
networks are not to be used. At the same time
however, the requirement for high adjacent
channel attenuation implies the need for a
steep slope in the amplitude response, begin-
ning 750KC higher (at intermediate frequency)
than the normal picture carrier frequency.
The presence of the sharp corner in the
amplitude response occasioned by this steep
slope is not compatible with the requirement
for good phase linearity in the region of
+ T50KC about the normal picture carrier
frequency. A compromise design between these
two requirements is entirely possible, but
involves critical, interacting adjustments



which have not been practical in high speed,
mass production of television receivers.,

Another requirement on the television
receiver IF amplifier is that of high gain at
a low cost and with good stability. This
desire for high gain with the fewest possible
tubes limits the attenuation which may be
achieved by absorption traps. These by their
very nature reduce the available gain per stage.
With the relatively low "Q's" possible at tele=-
vision intermediate frequencies and with econo-
mical construction, it is difficult to construct
filter elements that will give high out’ of band
attenuation and low pass band insertion loss,
The major physical limitation is the need for
small size. The impedance developed by the band
pass circuits must be as high as possible in
the interest of high gain, Calculation has
indicated that one way to reduce the effects
of these physical limitations would be to
design a filter with a low characteristic
impedance., This impedance would be low com=
pared to that necessary if the filter were to
be used as a transfer impedance between two
high g, pentode vacuum tubes. This implies
the need for impedance transformation tech=-
niques ih order that high gain still be achieved,
with the use of a low characteristic impedance
for the filter. In view of the preceding con-
siderations, it would be very desirable if a
manufacturer could produce a television receiver
in which the adjacent channel attenuation was
adequate for a normal area. By "normal area"
is meant a region in which the relative
geography of the receiver and local television
transmitters is such that the adjacent inter-
fering signals are several times weaker than
the desired local signals. Experience has in=-
dicated that adjacent channel attenuation of
the order of 30 db is adequate protection in a
reasonable percentage of most secondary service
areas and in most of the primary service areas.
An ideal situation would then result if a
manufacturer could mass produce a television
receiver with approximately 30 db of adjacent
channel attenuation and then, by a simple field
conversion, add 40 db of additional adjacent
channel attenuation. It is the purpose of this
paper to describe a packaged adjacent channel
rejection filter suitable for this purpose.

A filter has been designed which is suit-
able for inclusion in the "link" between a
television receiver tuner and an intermediate
frequency amplifier. The receiver may be
normally supplied without the filter. Upon
receipt of the receiver by a distributor in
an area where adjacent channel interference
is known to be a problem, the distributor may
insert the filter in the receiver with negli-
gible deleterious effects upon the performance
of the receiver. Thus, the cost of the addi-
tional attenuation is borne only by the
customer who directly profits by the presence
of this attenuation.

The filter design settled upon is a six
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element series "M Derived" band pass filter.
(See Figure 3a and 3b) A study of the com-
ponent values (calculated by the relations

of Figure 3b) required for such a filter
operating in the 4imc IF band indicated that
mass produced components, readily available,
were suitable. Typical values are shown in
Figure 4. Such convenient values were not
obtained with many other filter configurations,
having similarly placed "poles" and '"zeros",
together with the more nearly constant image
impedance which the six element series band
pass filter exhibits. The constancy of image
impedances is of importance if the filter is to
be inserted in a length of transmission line.
So called "Link coupled" circuits are frequently
used between the RF tuner and the IF amplifier
in television receivers. This link offers a
convenient point to insert the filter. Since
the length of cable used in this coupling
circuit is an appreciable portion of a wave
length, it is necessary that any network
inserted in this line be reasonably well matched
to the transmission line characteristic im-
pedance to avoid serious distortion of the
desired response., In the choice of the com-
ponents which are to exhibit the values cal-
culated with the aid of the equations in Figure
3b, extreme care must be exercised to be sure
that the performance at 44mc may be accurately
determined. Figure 5 shows the filter con-
figuration together with those stray reactances
which are likely to degrade the performance.

For example, Cl) of Figure 5, which
represents the distributed capacity of Lj
will seriously degrade the maximum attenuation
and will cause a tilted pass band response due
to variation in its effective inductance across
the pass band. These effects have been prac-
tically eliminated by splitting L1 into two
coils, separated by the capacitor C1/2 . The
physical configuration of these parts may be
seen in Figure 8.

Similarly, the lead inductance, LC2 , of
the large capacitor C2, is detrimental. This
has been handled by minimizing and controlling
the lead length through a mounting technique
shown in Figure 8. The effective capacity is
greater than the low frequency value as in-
dicated in Figure 5b. The magnitude of this
increase will be from 25% to 50% of the low
frequency value in a typical case.

As a starting point for the design, the
filter was considered to be operating between
resistive generator and load impedances. A
filter was constructed utilizing the component
values of Figure 4. The measured performance
of this filter is shown in Figure 6. It will
be seen that 40 db of attenuation is provided
with respect to the response at picture carrier.
The insertion loss of 3db is small compared to
similar attenuation achieved by absorption traps.
At this stage of the design it was felt that this
represented quite desirable attenuation per-
formance. A check on the electric fidelity was



made by comparing the transient response of a
television receiver IF system driven from a

75 ohm resistive generator with the response of
that system driven from the same generator with
the filter of figures 4 and 8 inserted between
the two. No additional transient distortion
was introduced, thus indicating that the design
was feasible for use in a television receiver
under the conditions.of resistive source and
load.

It is desirable, for economic reasons, to
insert this filter in the existing link circuit
between the RF tuner and the IF amplifier. In
our case, this circuit was an over-coupled
double tuned circuit of rather narrow band-
width. The use of this circuit was dictated
by the selectivity requirements of the IF system
when used without the filter. If an overcoupled
condition is required due to gain - band-width
product considerations, impedance matching of
both source and load in the link circuit is
impossible. Consequently it was decided to
design the circuit such that the impedance
viewed at the receiving end of the link was
equal, at the center of the pass band, to the
characteristic impedance of the coaxial cable
used. It was then experimentally determined
that the insertion of the filter of Figures 4
and 8 in the link circuit did seriously distort
the resulting pass band response. This was
felt to be due to the fact that the insertion
of the filter changed the effective length of
line in the link, This was proven to be the
case by the fact that a length of cable could
be chosen, which when used with the filter,
permitted a pass band response in the link
circuit similar to that of the double tuned
circuit without the filter and with its normal
length of cable. Figure 7 shows a plot of a
typical television receiver amplitude response
with and without the filter. Correction has
been made for the "electrical length” of the
filter. It will be noted that in the pass
region, there is a negligible difference be-
tween the shapes of the two curves, but that
extreme attenuation is achieved at the adjacent
channel carrier frequencies.

Field results with the filter of figures 4
and 8 installed as mentioned above, have been
quite gratifying. It has been found possible
to receive interference free pictures on ad-
Jacent channels with interfering to desired
signal ratios of #20db, Lest this seem like
a small ratio, it should be pointed out that
interference is annoying, even if the level of
interfering signal is 40db down at the second
detector. Figure 9 shows a photograph of a
receiver with 30db of adjacent channel attenua-
tion operating on channel 3 and being interfered
with by channels 2 and 4. The interfering sig-
'nals exceed the desired signal by approximately
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20db., Negligible entertainment value is con-
tained in this picture. Figure 10 shows the
same receiver under the same signal conditions,
but with the adjacent channel filter installed.
Now, negligible interference is present, If
the ratio of interfering to desired signal is
increased still further, for example by an
additional 20db, interference begins to appear
in the picture. (See Figure 11) This inter-
ference is occasioned by cross modulation in
the first RF amplifier. The particular inter-
ference shown is the result of the presence of
channel 2 sound and picture carriers in the

RF amplifier with sufficient amplitude to
produce the difference frequency between twice
the channel 2 sound carrier and the channel 2
picture carrier. This frequency is é4.25mc and
is both amplitude modulated by the channel 2
video information and frequency modulated by
channel 2 sound. This is evidenced by the
appearance of Channel 2 "blanking bars" and

a 3mt beat which varies with channel 2 sound
modulation. No amount of IF amplifier selec-~
tivity will eliminate or minimize this pheno-
menon. It would be necessary to introduce
significant adjacent channel attenuation ahead
of the first non-linear element, usually the
RF amplifier tube, in order to reduce this
effect.

It is also interesting to compare the
transient response of the television receiver,
with and without the filter installed in the
link circuit. This is shown in Figure 12,

There are some noticeable differences between
the transient responses, but they represent
relatively small effects compared to the dis-—
tortions occasioned by variations in television
transmitters, studio techniques, antenna charac-
teristics, and customer manipulation.

In conclusion, it should be pointed out
that this idea is simply the extension of a well
recognized general principle, namely that of
having the customer who benefits from increased
performance be the one who bears the cost of
that increased performance. The filter describ-
ed in this paper, when used in conjunction with
a suitably designed television receiver with
30db adjacent channel attenuation, results in
a receiver in which the ability to reject
adjacent channel interference is limited only
by the non-linearity and selectivity of the
RF tuner. Thus a simple and inexpensive IF
filter, in conjunction with a very simple IF
amplifier, can exceed the performance of multi~
tube, multi-tuned circuit designs that were
common a few years back.

The author wishes to extend his thanks to
William Jacobus, whose efforts greatly facili-
tated this work,
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Fig. 6 - Voltage transfer ratio.
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METHODS OF MATRIXING IN AN NTSC COIOR TELEVISION RECEIVER
will M, Quinn, Jr.
General Electric Company
Syracuse, New York

Introduction

An inherent problem in the NTSC color tele-
vision receiver is that of combining the chromin-
ance caomponents with the luminance signal to
obtain the red, blue, and green color signals for
application to the control elements of a tri-
color picture tube, Various well-known adder
techniques have been employed in receivers to
accomplish these operations, It is the purpose of
this paper to present some of these techniques
with a discussion of the relative merits of each.

Basic Principles of the NTSC
Color Television System

For satisfactory color reproduction of the
original scene being televised, three independent
pileces of information are transmitted; luminance
(or brightness), dominamt wavelength (or hue) and
purity (or saturation). The luminance inform-
ation is transmitted in accordance with present
monochrome standards as a full resolution black
and white picture signal complete with horizontal
and vertical synchronizing information. This is
the compatible portion of the signal and will
result in a high quality picture reproduction on
existing monochrome receivers., The informtion
corresponding to the domlnant wavelength and
purity is transmitted as phase and amplit ude mod-
ulation respectively of a color subcarrier which
is located 3.579545mc away from the picture
carrier, Its frequency is so chosen that it is
an odd multiple of half line-frequency and tends
to cancel itself on alternate frames in existing
monochroms receivers.

Present NTSC field test specifications re-
quire that the signal have the following com-
position.

Ep= By # Egein( wtf33°) £ Ejcos( w433°) (1)
where Eg= 0.41 (Eg-Ey) # 0.48 (Bg-Ey) (1la)
Ep® -0.27 (Eg-Ey) £ 0.74 (Ep-Ey) (1b)
Ey= 0.30Eg # 0.59Eg £ O.11Ep (2e)

and w = 21 times the subcarrier frequency

For color difference frequencies below 500KC
equation 1 may be represented by

Em'zy'([ I—}ﬂ ( -1-?]7'—8-(153-5‘7) sinwt /(ER'Ey)coa w:z)]
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The first term of equations 1 and 2 supplies the
luminance or y information which is usually
obtained by combining certain proportions of the
red, green and blue signal outputs of a tri-color-
camera or other pickup device., These proportions,
specified by equation 1c, show that the red, green
and blue reproducing primaries contribute 30, 59,
and 11 percent respectively of the luminance of
white, The remaining portions of equations 1 and
2 consist of the two chrominance components or
color difference signals which supply the color
information., This informtion may be recovered in
a color television receiver through a process
known as synchronous detection, that is, by
heterodyning the color subcarrier and its side-
bands with reference frequency of the same phase
as the subcarrier componert which carries the
desired modulation, Subcarrier phase relation-
ships of the NTSC signal are shown in Figure 1.
receiver may recover the color information by
synchronous detection along either the Ey or Eq
(abbreviated I,Q) axes or along the Fp - F., ’

Eg -I:‘.y (R-Y,B-Y) axes. There are certain advant-

ages and disadvantages to detection along either
set of axes which are beyond the scope of the
material presented and will not be considered.
However, regardless of whether theI,Q or R-Y, B-Y
components are recovered in the color receiver the
problem of matrices still exists,

The problem is somewhat simplified for the
R-Y, B-Y receiver because these components need
only be added to the luminance sigmal to produce
the red and blue signals for application to the
picture tube control element, that is,

A

R-YZLY=R
B-Y{Y=B

The G-Y color difference signal may be directly
obtained through synchronous detection at the
proper phase angle or by the combination of
certain negative proportions of the R-Y and B-Y
components as may be proven by the substitution of
equation 1lc into equation 4.

(3)

G-Y = -0,51 (R-Y) -0.19 (B-Y) (4)
The green color signal is then produced by the
addition of the luminance sigml to equation 4.

A block diagram of a typical NTSC receiver
which recovers the R-Y, B-Y color components is
shown in Figure 2,

Following the second detector in such a
receiver, the composite signal is separated into
the luminance channel and the chraminance channel.




In the luminance channel the color subcarrier and
its lower frequency modulation components are re-
moved by a low-pass filter or trap leaving only
the brightness or Y signal.

Conversely the low frequency components of
the luminance signal are removed from the chrom-
inance channel by means of a band-pass filter.
The remeining color subcarrier and its sidebands
are then applied to the synchronous detectors
where they are heterodyned with reference carrier
of appropriate phases. lLow-pass filters in the
detector plate circuits recover the desired
dif ference frequencies by excluding all other
components. The G-Y color dif fererce signal is
obtained from the output of an adder which com-
bines the R-Y and B-Y detector out puts in
accordance with equation 4. The three-color
dif ference signals are then individually conbined
with the luminance signal in adder circuits to
produce the red, blus, and green signals necessary
for color picture reproduction.

NTSC Color Bar ‘Waveforms

Perhaps the operations described may best be
understood by referring to Figure 3 in which a
transmit ted signal of saturated color bars has
been assumed, Amplitudes shown are relative to a
peak amplitude of unity for white, Figure 3a
shows the signal after subcarrier filtering which
leaves only the luminance signal, It may be re-
called from equation lc that Y = 0.59G £ 0.3®R £
0.11B. Brightness values for the color bars shown
may be obtained by direct substitution into
equation lc, For example, yellow is composed of
equal parts of red and green. Its brightness
value is, therefore, 0,59 £ 0,30 = 0.89. Figures
3y 3es 3d show the waveforms of the three color
dif ference signals corresponding to the assumed
color bar signal, It is the function of the
receiver mtrix unit to combine these signals
individually with the luminance or Y signal to
produce the three simultaneous red, green, and
blue color signals. Considering the addit ion of
the B-Y color difference signal to the brightness
signal it is seen that for bars which conmtain no
blue (e.g. red, yellow) the positive luminance
values are exactly cancellsd by negative values
in the B-Y color difference si » Those bars
which contain blue (cyan, blue) produce positive
components in the color difference signal which
add to the positive luminance values to produce a
peak value of unity (Figure 3¢)+ If the R-Y and
G-Y color difference signals are added to the Y
signal in the same manner the red and green color
signals are produced (Figure 3f, 3 respectively).

" The blanking interval has been purposely omitted
from Figures 3¢, 3¢s 3¢ since it contributes

nothing to the discussion.

Adder Requirements

Although the requiremsnts of an adder for
use in color television receivers are not as
stringent as for many other applications, there
are certain requirements that a good adder mst

meet for satisfactory performance. These are that
it be simple, that it be capable of passing the
highest frequencies present in the input signal,
that it have negligible inmteraction between
sources, and that it be free from distortion.

Also desirable is that the adder be efficient or
capable of performing the desired operat jons with-
out severe attenuation of signal between input and
output .

Picture Tube Adding

Perhaps the most frequently used and obvious
method of combining the color difference signals
and the luminance signal consists of applying the
color difference signals to the three cathodes
(or grids) of a tri-cclor picture tube and the
luminance signal to the three grids (or cathodes),
thereby utilizing the picture tube itself as an
adder. This method possesses the advantages of
simplicity and possible economy in that the three
signals required at the three cathodes are R-Y,
B-Y, and G~Y, For the R-Y, B-Y receiver the only
operation needed after detection (neglecting gain)
is to produce the G-Y si gnal which may be obtained
by either of the methods described previously.
However, a receiver which recovers I and Q must
conbine certain positive and negative amourts of
these components in order to presemnt the cathodes
with the particular color difference signals re-
quired, Therefore, this method is not as advant-
ageous for the latter type of receiver,

One disadvantage of using the picture tube as
an adder is that the rather large tube and stray
capacities encountered when feeding three parallel
comtrol elements place somewhat higher require-
ments upon the luminance amplifier in order to
realize the required frequency response of 3.5mc.

Resistive Adders

Perhaps the most simple method of adding two
or more signals is the linear passive Betwork of
the resistive adder shown in Figure 4.,< In order
to maintain the required isolation between sources
in this type of network, the insertion resistors
(Rys Rps R3) mst be large compared to the load

resistar Rge The output voltage becomes approx-
imately

e =Ro e /}l‘.’. e /Ro e

°" & 1 R 2 Ry 3 (5)

If sources ©, and °3 are replaced by thelir
respective source impedances Z; and Zj where
Zy = 23 = Z the coupling between sources my be
shown to be

= 1 1
Se
¢ ‘7R 97 (6)
where e represents any source voltage and R = Ry =
Ry = Ry for convenience. For ¢, to be small

enough to be tolerated the ratio of Rg mst be
- J
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large and the source impedance must be smll com~
pared to the insertion resistor. Results have
shown that for the required accuracy the coupling
factor ©, must be five percent or less, At

e

this figure the error introduced through cross
coupling becomes small enough to be imperceptible,

This particular type of adder is very in-
efficient due to the attenuation needed to produce
the required source isolation. Additional stages
of gain must, therefore, be employed to compensate
for this attenuation,

Other purely resistive configurations are
possible but, in general, do not mrovide the
necessary decoupling between sources and will not
be considered. Purely inductive or purely
capacitive configurations may also be used but are
more expensive and tend to become trouwlesome at
the higher frequencies.

Tube Adders

Other common methods used to perform the
matrix functions utilize tube sections with common
plate or common saghode impedances as shown in
Figures 5 and 6.“?2 For the two input voltage
shown in Figure 5, the output voltage becomes

"—L_\°1’(°2)
2(11#1)#%

(7

“hen triodes of sufficient 1 and low plate resist-
ance are used, equation 7 reduces to its apmox-
imate form

= %’("1/"2) (8)
Common cathode adders are normally used whenever
it is recessary to preserve phase without real-
izing gain.

Since some gain is usually desirable, common
plate adders are generally used when a tube adder
is desired, Figure 6

e, = K( ) # ¢3) (9
For pentodes
°, S gm RL( el 7‘ 02) (10)

assuming identical tubes,

Tube adders of this type provide excellent
isolation between sources because of their high
input impedance, The degree of isolation becomes
primarily a function of tube amd stray capacit-
ances., A second advantage of importance is that
impedance transfomations are readily effected
between input amd output. Relative amplitudes of
input signals desired in the output may be ob~
tained by (1) adjusting the relative amplitudes of
the input sigmals using equal tube section gains
or (2) adjusting the gains of the respective tube
sections using equal inputs,
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Dual triodes are suitable for adders, par-
ticularly for those applications requiring the
addition of only two signals, Adders employing
tue type 12AT7 have been especially successful,
providing linear addition for input signals of one
volt or less with moderate gain in the case of
plate adders. As is true with most wide band cir-
cuits, some form of peaking must be used in con-
Junction with tube adders to provide the required
frequency response.

Disadvantages of tube adders which employ
common plate or common cathode impedances are that
one tube section is required for each signal
source and that the matrix accuracy depends direct-
ly upon tube characteristics.

Feedback Summing Amplifiers

Perhaps the most successful method of mtrix-

§n§ employed is the feedback summing amplifier.”?
?% This circuit consists of a high gain amplif-
ier with inverse feedback from plate to grid and
which contains a resistive summing network in its
grid circuit, This particular adder, therefore,
combines the advantages of a passive adding net-
work with those afforded by negative voltage feed-
back,

Basic requirements for correct operation of
this adder are that there be no current drawn by
the input (grid) circuit and that the open loop
gain (K) of the stage be high in order to insure
accuracy and provide sufficient source decoupling.
Applying Kirchoff's curremt law to Figure 7

) ) e, -9 e ~0 e .9
3 ’[ 2 " 1 = Q (11)
%) i) Bl Re
where
e = go
K
Substituting for e in equation 12 and solving for
%
- Re R Re
eo-RTel/R.g.ez,{EeB )
R )4
1-1/% (R_f 4 Ly L
Ry " Ry’ Ry
If X is sufficiertly large as is generally the
case when pentodes are used
= R Ry Re
e=-[ L e s L et 2 o]
Ry, 17 R 27 Ry 3 (13)

The out put voltage, is therefore, the negative sum

of certain ratios of the input sigmals, these

ratios being determined by the ratios of the feed-

back resistor to the series insertion resistors.
To compute the isolation between sources

af forded by the feedback summing amplifier, refer

to Figure 8 in which sources e, and 93 have



been replaced by their internal impedances, Z, and
23 respectively. Source e, becomes the only ex-
ternally applied voltage and °2' and 03' refer
to the woltages developed across 2, anrd 23 dw to
cross coupling of e

When the feedback resistor is equal to the

insertion resistor, the voltage at the adder grid
is given approxima tely by

o= 1 (14)
K
where K is the open loop gain of the stage. The

voltage developed across Z, due to a current from

source ©, is seen to be

2 °°1 17w ) (15)
) %
and similarly
0y = o (i (16)
© 7y
3

Since K can easily be made equal to 30 or
more and Zp and Z are rormlly mich less than

Ry and R3 the cross coupling is usually substant-
ially less than one percent in practical circuits.

Application to an NT'SC Receiver

The application of the feedback summing amp-
lifier to a typical I, Q receiver is illustrated

in Figure 9. The required matrices are:
R = 0.956 (I) # Y #0.621(Q)
G=0.2712 (-I) £ Y £ 0.647(=Q) (17)
B = 1,106 (-I) £ Y # 1.703(<Q)
The ratios of Ry , Re ) —— Ry are pre-

[ R B
determined by the coefficients of I, Y and Q of
the above equations and must be ad justed to
correspord to these values,

The example given considered only a receiver
which recovered the I and Q chromimance components
since this type of adder is particularly adaptable
to receivers of this type. The principles in-
volved apply equally well to a receiver which re-
covers the R-Y and B-Y components through de-
tection. Such a receiver must perform the follow-
ing operations after detection:
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(R-Y) £ Y=R

(B-Y) £ YE=B
-0.51(R-Y) - 0,19(B-Y) £ Y = G

Since the Y or luminance signal input con-
tains frequency components extending to 3.5mc a
response which is essentially flat to that fre-
quency is desired, Results have shown that
through minimizing the effects of shunt capacity
to ground by careful selection of impedance levels
in the sumning network a flat response may be ob-
tained without peaking and with more than suff-
icient isoclation between sources. For example,
when the circuit parameters below were used,

Tube Type 6AH6

K = 50
Ry = By = Ry = Ry = 20K

Zs= 1K = Source Impedances
Ry = X

a frequency response of 4mc was obtained without

peaking. Under these condit ions, the coupling
factor was computed to be _ 1 .,
105
Conclusion

Several adder techniques have been described,
any of which will perform satisfactorily. Of
these the feedback summing amplifier seems to
possess certain advantages. These are improved
frequerncy response, better linearity, increased
stability, and better isclation between sources.
This type of adder has been employed in develop-
mental NTSC color television receivers very
successfully, giving superior performnce with
improved stability over other types of adder cir-
cuits tried,
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Fige 1
Subcarrier phase relationships of the
NTSC color television signal.

Fig. 2
Block diagram of a typical NTSC receiver.

Fig. 3
NTSC color bar waveforms and amplitudes.
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Fig. 6
Common plate adder.

Fig. 7
Feedback summing amplifier.

Fig. 8
Feedback summing amplifier circuit
used in computing interaction
between sources.

Fig. 9
Feedback summing amplifier used
in and I-Q receiver.
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FACTORS AFFECTING THE DESIGN OF VH F-UHF TUNERS

By E, H, Boden - Advanced Application Engineer
Sylvania Electric Products Inc,
Emporium, Pennsylvania

INTRODUCTION

Since the addition of the seventy new uhf
television channels, a variety of methods have
been employed to add these channels to a televi-
sion receiver, The methods employed range from
external and internal converters, which cover
the entire range, to single channel strips, Os-
cillator injection is obtained from fundamental
oscillators, harmonic multipliers, or combina~
tions thereof, Recently, some manufacturers have
been installing both a vh f twner and a uhf
tuner, Each one of these methods has its advan-
tages and disadvantages,

Prior to the addition of the uhf channels,
the tuner, or head end, had the form shown in
Figure 1, Here, an rf amplifier (one or two
tubes), a mixer, and an oscillator were used,
Until recently, the absence of suitable tubes
for uhf channels had caused a deviation from
this configuration, In order to return to the
canfiguration in Figure 1, and include all the
vhf and uhf channels in a single tuner, new
tubes and techniques had to be developed,

The requirements placed on the circuit are
much the same as for v hf with the addition that
the tuning arrangement must add an approximate
2:1 frequency skip band and then tune another 2:1
frequency range of channels,

There are three important requirements
placed on tubes for a combined uh f<vhf tuner,

1, They should provide equivalent perform-
ance on the vh{ channels to that found with
v hf tubes, and comparable performance on the
uh{ channels,

2, They should be designed for large volume
production on existing machinery,

3, They should be priced competitively
with vhf tubes for similar purposes,
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Sylvania has developed tubes to meet the
above requirements and is now manufacturing them
in large quantities, These tubes are the type
6AN4, rf amplifier and mixer tube and the type
6T4, oscillator tube, Both the 6AN, and 6T are
seven-pin miniature tubes in a short bulb,

We shall now discuss some of the factors
affecting the use of these tubes in a tuner
capable of tuning both the vhf and uhf
channels with no duplication of stages,

RF AMPLIFIER

The rf amplifier section has three equally
important parts, They are, as shown in Figure
2, the input circuit, the tube, and the output
circuit,

The design of the input circuit is of great
importance to the overall performance of the
tuner, If we think of the tuner as being of the
form shown in Figure 3, where Nj and 13 are the
noise figure and insertion loss of the input
circuit, and N2 is the noise figure of the re-
maining part of the receiver, we see that the
overall noise figure is approximately Nolj,
Therefore, the overall noise figure is increased
by the insertion loss of the input circuit,

This means that the input circuit must have a
high no=load Q and be loaded to give minimm in-
sertion loss, Since the input circuit will be
folloved by an amplifier stage which will attenu-
ate the oscillator signal to the antenna, rejec-
tion at the oscillator frequency will not be
required, thus permitting greater loading of the
input cirecuit,

As was shown for the insertion loss, it may
also be shown that losses due to mismatch and
unbalance at the antenna input will cause the
noise figure to be higher, Also, a loss in de-
livering the signal to the amplifier tube reduces



the effectiveness of the amplifier to decrease
the noise contributed by the stages that follow,

To prevent cross modulation at the input,
the input circuit should present an insertion
loss to signals other than the desired signal,
The pass band of the input circuit should not
need to be as narrow on uhf as on vhf due to
the proposed frequency spacing of the uhf tele-
vision stations,

The input circuit may use lumped or dis-
tributed constant elements, In some cases, it
may be more feasible to use a combination of both
80 as to tune both the vhf and uhf channels and
require a minimum of space, Some suggested input
circuits are shown in Figure 4,

For maximum gain, the amplifier tube should
have a high mu and gy with low interelectrode
capacitances and lead inductances, The Sylvania
type 6AN4 has an average mu of 70, a transcon-
ductance of 10,000 micromhos when operated with
200 volts on the plate, and a 100-ohm cathode
resgistance, The grid to plate capacitance is 1,7
micromicrofarads while the grid to cathode capaci-
tance is 2,2 micromicrofarads,

The input resistance of the 6ANj, including
transit time and 1/gm, is approximtely 100 ohms
at vhf, At 470 me, the input resistance is 50
ohms, increasing to 150 ohms at 900 mc, The in-
creasing resistance is due to resonant effects of
the cathode lead inductances and tube and socket
capacities,

If agc is used on the tube, it should be
delayed or tapped down from the agc bus, Other-
wise, the noise figure may rise with signal
strength, This could cause a snow-free signal to
become snowy,

Performance measurements have been made at
various points in the vhf and uh f television
band, Conventional lumped constant circuits were
employed on the vh f channels while uh { measure-
ments were made in the amplifier shown in Figure
5., The amplifier shown in Figure 5 is tunable
from 470-890 mc, In this circuit, the amplifier
had an insertion power gain of 10 db at 900 mc
with a bandwidth of 10 mc, The amplifier noise
figure was 14 db at 900 me,

Since the maximum gain of an amplifier for
a given bandwidth is directly proportional to the
ratio of transconductance to total plate-to-
ground capacity, it is important that the circuit
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capacity be kept at a minimm, Plate-to-tube
shield capacity is included in the total circuit
capacity and may be reduced by use of a T-6 1/2
shield,

The tuning arrangement employed should not
add to the total circuit capacity, The circuit
shovn in Figure 5 can be modified to include the
vhf channels, This may be accomplished by fix-
ing the line length for Channel 83 and capaci-
tively loading the open end to tune to Channel 14,
VHF channels may then be tuned by shunting
lumped inductances across the tuning capacitor as
shown in Figure 6, For the turret tuner and dec-
ade tuner, lumped constants have been used suc-
cessfully to 900 mc,

MIXER CIRCUITS

The mixer circuit is quite simple, Having
matched down from the amplifier plate impedance
to the mixer cathode impedance, it remains only
to add the necessary oscillator injection and
couple the i f out at the plate,

The performance of the 6ANL as a mixer is
quite attractive because of its constant input
impedance with oscillator injection variations
and its conversion gain, When operated with 125
volts on the plate and 270 ohms in the cathode,

a conversion transconductance of 2900 micromhos
is obtained, This value of Gg is obtained with
1,4 volts rm s oscillator injection, The curve
in Figure 7 shows the variation of G¢ and plate
current with oscillator injection, A careful
study of this curve shows that the G¢ is 10% down
at 1 and 5 volts rms and down to 0,7 at 0,6 and
6,4 volts injection, The input resistance change
over this range of oscillator injection is neg-
ligible and of a value a little greater than the
same tube as an amplifier,

The plate current curve serves as an in-
dicator of the amount of oscillator injection
to the tube, This is helpful when adjusting the
tube in a tuner,

There is no oscillator injection shown in
Figure 6, This is because of the variety of in-
Jection methods that may be employed, Injection
into the cathode, heaters and grid have all been
successfully tried, When injecting into the
cathode, care must be taken that a portion of the
received signal is not coupled out of the mixer,
Also, when injecting into the grid, the impedance
fram grid to ground must be low for the received
signal and the if signal,



Although cathode bias vas indicated above,
other forms of biasing may and have been used,
There seems to be an indication of some improve-
ment in the noise figure when both cathode and
grid biasing are used, If some grid biasing is
used, then the Ip curve in Figure 7 will no
longer be true, In this case, the oscillator
injection is measured at the grid,

Noise figures for the mixer at 500 and 900
me are 16 and 20 db respectively, Conversion
gains of 3 db are realized when operated with
between 1 and 5 volts of injection, With con-
version gain and rf gain, special low-noise,
pre-if amplifier stages are unnecessary,

LOCAL OSCILIATOR

In the oscillator section there is the
problem of maintaining a relatively constant
output over the range of 100 to 950 mc, free
from suckouts and with a minimum frequency drift,

The modified colpitts oscillator is the
most common oscillator circuit at vhf and uhf,
Tuning may be by a shorted line with a movable
contact or capacitive short, capacitive tuning
an open line, or capacitively tuning a lumped
inductance, VHF and uhf channels may be tuned
by the first method and by a combination of the
secord two,

Balanced tuning is preferred (plate and grid
approximately the same impedance above ground
so that the large circulating currents between
grid and plate are not in the chassis or tuner
box, This is quite important for the reduction
of oscillator radiation, frequency drift and
dead spots,

The Sylvania 6T4, with 80 volts on the plate
and a 10,000 ohm grid resistance, will develop
6 to 9 volts at the grid at 950 to 500 mc and
12 volts on vh{,

Commen causes for dead spots are resonance
in the wnused portion of the tuning line, reso-
nance between chassis and line, and resonance
in heater and cathode chokes, It is recommended
that both heater connections be kept at the
cathode potential, This is best done by using
two chokes, One choke is used for the cathode
and one heater, the other for the second heater,
Then, place a capacitor across the heaters, By
so doing, the variations in heater-~cathode capac~
ity between tubes and variations due to tempera-
ture changes will be removed,
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PERFORMANCE

Having now viewed the tube and circuit
possibilities and techniques, it remains to
examine the performance figures for various
tuner configurations, Examining the several
possibilities, there seem to be three probable
arrangements, For purpose of discussion, we
shall call these tuners A, B and C, These are
shovn in Figure 8, Tuner A has two grounded
grid r £ amplifiers in cascade on vhf and uhf,
Tuner B has a cascode on vh f and a single
stage of amplification on uhf, Tuner C has one
stage of grounded grid amplification, All tuners
have a 6AN4 grounded grid mixer and a 6T, os-
cillator, Also, all three tuners tune the v hf
and uhf channels,

Performance figures on these tuners include
noise figure and insertion power gain at Channels
2, 13, 14 and 83, Comparison with vhf tuners
is made with the more recent cascode vhf tuner,

Looking at noise figure first, in Figure 9
is a teble of the noise figures of tumers A, B
and C, on Channels 2, 13, 14 and 83, Tuner B
with its cascode vh{ has equivalent performance
on v hf as a cascode v hf tuner, but does not
have a camparable uhf performance, Tuner A,
however, has nearly an equivalent noise figure
on vhf as a standard cascode and a comparable
performance on uhf, Tt would seem that tuner
A would make a good compromise tuner, Tuner C
could be said to have a fair noise figure on
vhf and uhf, Such a tuner might serve well in
a low cost set,

In the table shown in Figure 10 are the
insertion power gains for these same tuners on
the same vh{ and uh{ channels, Here, we see
that tuners A and C have the most unifomm gains
in going from Channel 2 to Channel 83, However,
it can be said that the loss in gain on the uhf
channel on tuner B is accompanied by a nearly
corresponding increase in noise figure and
therefore would have the same sensitivity factor
on uhf as on vhf,

CONCLUSION

It is concluded from this investigation,
that a single vhf-uhf tuner is feasible and
that the addition of the uhf channels may be
done without degradation of the vh{f perform-
ance, without greatly increasing the cost of
the tuner, and without duplication of stages,

It may further be concluded that low—cost, stan-
dard, miniature tube types are available for
the purpose,
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Three possible tuner arrangements.
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CHANNEL CHANNEL
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Noise figure of tuners
(a), (b), and (o) of Fig. 8.

Ingertion power
(a), (b), ana

ain for tuners
¢) of Fig. 8.
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THEORY OF A.F.C, SYNCHRONIZATION
Wolf J. Gruen
General Electric Co.
Syracuse, N. Y,

Summary---The general solution for the im-
portant design parameters of an automatic fre-
quency and phase control system is presented,
These parameters include the transient response,
frequency response and noise bandwidth of the
system, as well as the hold-in range and pull-in
range of synchronization.

1. Introduction

Automatic frequency and phase control systems
have been used for a number of years for the hori-
zontal sweep synchronization in television re-
ceivers, and more recently have found application
for the synchronization of the color subcarrier in
the proposed N.T.S.C. color television system. A
block diagram of a general A.F.C. system is shown
in Fig. 1. The phase of the transmitted synchro-
nizing signal e] is compared to the phase of a
local oscillator signal e, in a phase discrimi-
nator D. The resulting dZScriminator output volt-
age is proportional to the phase difference of the
two signals, and is fed through a control network
F to a frequency control stage C. This stage
controls the frequency ard phase of a local os-
cillator O in accordance with the synchronizing
information, thereby keeping the two signals in
perfect synchronism. Although in practice the
transmitted reference signal is often pulsed and
the oscillator comparison voltage non-sinusoidal,
the analysis is carried out for sinusoidal signal
voltages. The theory, however, can be extended
for a particular problem by writing the applied
voltages in terms of a Fourier series instead of
the simple sine function. An A.F.C. system is es-
sentially a servomechanism, and the notation that
will be used is the one followed by many workers
in this field. An attempt will be made to pre-
sent the response characteristics in dimensionless
form in order to obtain a universal plot of the
response curves,

II, Derivation of the Basic Equation

1f it is assumed that the discriminator is a
balanced phase detector composed of peak-detecting
diodes, the discriminator output voltage can be
derived from the vector diagram in Fig. 2, For
sinusoidal variation with time, the synchronizing
signal e] and the reference signal e2 can be
written

e, = E, cos ¢, (1)
and

e, = E, sin P (2)
&1 and ¢ 2 are functions of time and, for reasons

of simplicity in the later development, it is ar-
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bitrarily assumed that ] and & are in quadra-
ture when the system is perfectly synchronized,
that is when ¢ = (P 2.

While one of the discriminator diodes is fed
with the sum of e) and €3/2 , the other is fed
with the difference of these two vectors as shown
in Fig. 2. The resulting rectified voltages E4q1
and Eqo can be established by simple trigonometric

relations, Defining a difference phase
K AR A (3
one obtains
Ed,‘zﬁ,‘s»ﬁ,ff + E,Ezsineg ()
and 2
Edzza E,2'+£,7’:—- -E|E;singe, (5)

The discriminator output voltage eq is equal to

the difference of the two rectified voltages, so
that

_ _ 2E,Eq

e“" Ed! Edz Edl*Edl (6)

If the amplitude Ey of the synchroniging signal is
larger than the amplitude E; of the reference
signal, one obtains

sin¢.

Edl*Edlg 251- (7)
The discriminator output voltage then becomes
e,= Eysinc (8)

and is independent of the amplitude E of the
synchronizing signal. As¢’; and ¢, are time
varying parameters, it should be kept in mind that
the discriminator time constant ought to be
shorter than the reciprocal of the highest dif-
ference frequency dy¢/dt, which is of importance
for the operation of the system.

Denoting the transfer function of the control
network F as F(p), the oscillator control voltage
becomes

ec= F(p) EzSih(p. (9)
Assuming furthermore that the oscillator has a
linear control characteristic of a slope S, and
that the free-running oscillator frequency is w,,
the actual oscillator frequency in operational
notation becomes

P, =wetSec ., (10)
Substituting equations 3 and 9 into equation 10
then gives

pe+SEaF(p)sing=pe -~ 11)



The product SE, repeats itself throughout this
paper and shali be defined as the gain constant

K= SE, . (12)

K represents the maximun frequency shift at the
output of the system per radian phase shift at the
input, It has the dimension of radians/second,

Equation 11 can be simplified further by
measuring the phase angles in a coordinate system
which moves at the free-running speed w, of the
local oscillator. One obtains

Pe + F(p)Ksinee = pep, |, (13)

This equation represents the general differential
equation of the A,F.C. feedback loop. p ¢ is the
instantaneous difference frequency between the
synchronizing signal and the controlled oscillator
signal and p¢4 1is the instantaneous difference
frequency between the synchronizing signal and the
free-running oscillator signal.

Equation 13 shows that all A,F.C. systems
with identical gain constants K and unity d.c.
gain through the control network have the same
steady state solution, provided that the differ-
ence frequency p¢j is constant., If this differ-
ence frequency is defined as

A(a)!pcfl ‘w“UO ) (ll")
the steady state solution is
; X I 1
Sin ¢p =22 (15)

This means the system has a steady state phase
error which is proportional to the initial de-
tuning a«w and inversely proportional to the gain
constant K. Since the maximum value of sin ¢p
in equation 15 is + 1, the system will hold syn-
chronism over a frequency range

lAwHotd-inl =< K.

Equations 15 and 16 thus define the static per-
formance limit of the system.

(16)

III, Linear Analysis

An A.F.C. system, once it is synchronized,
behaves like a low-pass filter., To study its
performance it is permissible, for practical
signal to noise ratios, to substitute the angle
for the sine function in equation 13, Then, with
the definition of equation 3, one obtains

PP+ KF(p) g, = KF(p) <p,. an

This equation relates the output phase ¢, of the
synchronized system to the input phase ;. It
permits an evaluation of the behavior of %ho
system to small distarbances of the input phase,
if the transfer function F(p) of the control
network is specified.
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A, F(p) =1

This is the simplest possible A.F.C. system,
and represents a direct connection between the
discriminator output and the oscillator control
stage. Equation 17 then becomes

P +tKp, =K@, (18)
If the initial detuning is sero, the transient
response of the system to a sudden step of input

phase |f 1| is

2 )2 |- - KE (19)
“ﬁ'(t) =3 .

Likewise, the frequency response of the system to
a sine wave modulation of the input phase is

Yo, l (20)
__{ £ ——
7= T
The simple A.F.C. system thus behaves like an RC-
filter and has a cut-off frequency of

We=K radians/sec, (22)
Georgel has shown that the r.m.s. phase error of
the system under the influence of random inter-
ference is proportional to the noise bandwidth,
which is defined as

so0
B =//.’_‘?4(aw),zdw .
-0

The integration has to be carried out from - oo

to + o0 since the noise components on both sides of
the carrier are demodulated, Inserting equation
20 into equation 22 then yields

(22)

B=TK radians/sec. (23)

It was shown in equation 15 that for small
steady state phase errors due to average frequency
drift, the gain constant K has to be made as large
as possible, while now for good noise immunity,
i.e., narrow bandwidth, the gain constant has to
be made as small as possible. A proper compromise
of gain then must be found to insure adequate per-
formance of the system for all requirements,

This difficulty, however, can be overcome by the
use of a more elaborate control network.

B. I*Z’,p

F(p) = KX

Networks of this type are called proportional
plus integral control networks2? and typical net-
work configurations are shown in Fig. 3. Insert-
ing the above transfer function into equation 17
yields



2 Lo kB K
p cf’z+(rl+-Kt.z)P‘-G+-iicfz= _—

&
K-t-,:.ptf'-l-—&(ﬁ 5

<$, and ¢f 5 are again relative phase angles,
measured in a coordinate system which moves at the
free-running speed of the local oscillator. To
integrate equation 24, it is convenient to intro-
duce the following parameters

wan __K_ (25)
Ta
and
oL I (26)
A Wn = = + Kt’,_ c

@Wn is the resonance frequency of the system in
the absence of any damping, and § is the ratio of
actual to critical damping. In terms of the new
parameters the time constants of the control net-
work are

T =28 __L (27)
t N K
and
= K 28
s £ (28)
With these definitions equation 24 becomes
2o + 2w + Wt

(25wn-2 )pep + @ ¢, -

The transient response of the system to a
sudden step of input phase |<f,| is found by in-
tegration of equation 29, and the initial con-
dition for the oscillator frequency is obtained
from equation 10, The transient response then is

nrs

7] t) = '_e-gw..t[m =g w,t

(30)

- 3—_9;\Lsin |-
Vi-%*

For § < 1 the system is underdamped (oscillatory),
for¢ = 1 critically damped and for © >1 over-
damped (no transient overshoots). In order to
avoid sluggishness of the system, a rule of thumb
may be followed making .4<® < 1 2, The transient
response of equation 30 can be plotted in dimen-
sionless form if certain specifications are made
for the ratio wa./K. As the time constantl’) of
the control network must be positive or can at
most be equal to zero, the maximum value forw,/k

§*w.t .
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is found from equation 27, yielding

Wa
K

(31)

max = % ¢
In this case the control network is reduced to a
single time constant network (2} = 0). On the
other hand, if for a fixed value of &). the gain of
the system is increased towards infinity, the mi-
nimum value for w,/K becomes

Wa (32)

K

min
Fig. 4 shows the transient response of the system
fgor these two limits and for a damping ratio of
= 0.5.
The frequency response of the system is
readily found from equation 24 and one obtains

1+ 32 ?z‘%(l—aﬁ’é‘z

s -@)®

Its magnitude is plotted in Fig, 5 for the two
1limit values of w,/Kand for a damping ratio

% = 0.5. The curves show that the cut-off fre-
quency of the system, for$ = 0,5, is approxi-
mately

2

7 . (33)

We = W, radians/sec. (34)

If ¢£7 and (P, in equation 33 are assumed to be
the input and output voltage of a four-terminal
low-pass filter, the frequency response leads to
the equivalent circuit of Fig. 6.

The noise bandwidth of the system is es-
tablished by inserting equation 33 into equation
22 and one obtains

+ 00 2
B=w. [ ‘I'S’z(%,,)a’["f%’l?] ) (35)
N N ER R IC 0 i o

~00

The integration, which can be carried out by
partial fractions with the help of tables, ylelds

B= 43"—‘/?% +@’Rn.)z+-l
RS

For small values of W,/K , it is readily es-
tablished that this expression has a minimum when

T 9

€ = 0.5. Hence, the noise bandwidths for the
limit values of @, /K and § = 0.5 become
B w = Tw,2TK vadians/sec (37)
rand
and
B' = .2,71—(.0,\ raciang /scr. (38)
Wa .
= °



The above derivations, as well as the
response curves of Figs, 4 and 5, show that the
bandwidth and the gain constant of the system can
be adjusted independently if a double time con-
stant control network is employed.

Ce Example

The theory is best illustrated by means of
an example. Suppose an A,F.C. system is to be de-
signed, having a steady state phase error of not
more than 3 degrees and a noise bandwidth of 1000
c.p.s. The local oscillator drift shall be
assumed to be 1500 c.p.s.

The required gain constant is obtained from
equation 15, yielding

P-YN) 21500 .
K "?Tncp s/ 3s = /80000 radians /sec.

Since K is large in comparison to the required
bandwidth, the resonance frequency of the system
is established from equation 38

2% 1000
QLT

———

s

: 1000 radians [se<.
The two time constants of the control network,
assuming a damping ratio of 0.5, are determined
from equations 27 and 28 respectively

Z';tj'_l-—l—zl - glo-s.sec
@, K 1000 180000 !
and
a8
T -t . 180000 _ g cec.
2w ‘o002 ec

These values of K,T; and T, completely define the
A.F,C, system. A proper choice of gain distri-
bution and control network impedance still has to
be made to fit a particular design. For example,
if the peak amplitude of the sinusoidal oscillator
reference voltage is = 6 volts, the sensitivity
of the oscillator control stage must be S = 30 000
radians/sec/volt to provide the necessary gain
constant of 180 000 radians/sec. Furthermore, if
the capacitor C for the control network of Fig. 3a
is assumed to be 0.22 uf, the resistors R, and
become 4,7 kn and 820 k. respectively, to yield
the desired time constants,

IV, Non-Linear Analysis

While it was permissible to assume small
phase angles for the study of the synchronized
system, thereby linearizing the differential e-
quation 13, this simplification cannot be made for
the evaluation of the pull-in performance of the
system. The pull-in range of synchronization is
defined as the range of difference frequencies,
P¥3, between the input signal and the free-run-
ning oscillator signal, over which the system can
reach synchronism., Since the difference phase ¢
can vary over many radians during pull-in, it is
necessary to integrate the non-linear equation to
establish the 1limit of synchronization.
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Assuming that the frequency of the input
signal is constant as defined by equation 14, e=
quation 13 can be written

(39)

Mathematically then, the pull-in range of synchro-
nigation is the maximum value of aw for which, ir-
respective of the initial condition of the system,
the phase difference ¢ reaches a steady state
value, To solve equation 39, the transfer
function of the control network again must be
defined.

pe + Fip) Ksincp =AW,

A, F 1

The pull-in performance for this case has
been treated in detail by Labin3, With F(p) = 1
equation 39 can be integrated by separation of the
variables and it is readily found that the smtem
synchronizes for all values of [Aw| < K. The con-

dition for pull-in then is

Pull-in <k. (40)

Large pull-in range and narrow noise bandwidth
thus are incompatible requirements for this system,

1+&p
1+ p

lawl

B. F(p) =

Inserting this transfer function into e-
quation 39 and earrying out the differentiation
yields

ol* 1 T d
s *[za i > “’“”]o‘tiﬂ (42)
+ —',;: sincf = ..‘%‘::’: .

This equation can be simplified by inserting the
coefficients defined in equations 25 and 26, and
by dividing the resulting equation by w,*, This
leads to the dimensionless equation

d‘
«T,}%—‘ + [%Il +(2$-%n)cos Y]Z)%G

ne (42)

+s:'n<.(= K

A further simplification is possible by defining a
dimensionless.difference frequency

g = z,o‘f%r (43)

and one obtains a first order differential equa=
tion from which the dimensionless time w,¢t has

been eliminated. It follows
S o
aﬁd‘ = K ST _ Wn
K

(44)

¢

- (2§ -%n)coscp.



There is presently no analytical method a-
vailable to solve this equation, However, the e-
quation completely defines the slope of the solu-
tion curve y (¢) at all points of a -y plane,
except for the points of stable and unstable equi-
librium, y=0; aw/K =Sine<p . The limit of synchro-
nization car thus be found graphically by starting
the system with an infinitesimal velocity ay a';t a
point of unstable equilibrium, y=0; ¥ =T -Sin"aw/k,
and finding the value of aw/K 4‘0:- which the solu-
tion curve just reaches the next point of unstable
equilibrium located at y=0; ¢=3TW-sin"4w/K. The
method is discussed by Stokerd and has been used
by Tellier and Preston’ to find the pull-in range
for a single time constant A.F.C. system,

To establish the limit curve of synchroniza-
tion for given values of § and wWn/K, a number of
solution curves have to be pleotted withaw/K as
parsmeter. The limit of pull-in range in terms of
Aw/K then can be interpolated to any desired
degree of accuracy. The result, obtained in this
manner, is shown in the dimensionless graph of
Fig. 7, where aw/k 1is plotted as a function of
Wn/K for a damping ratio¢ = 0.5. Since this
curve represents the stability limit of synchro-
nization for the system, the time required to
reach synchronism is infinite when starting from
any point on the limit curve. The same applies to
any point on the Aw/K -axis, with exception of the
point AwW/K = 0, since this axis describes a system
having either infinite gain or zero bandwidth, and
neither case has any real practical significance.
The practical pull-in range of synchronization,
therefore, lies inside the solid boundary. The
individual points entered in Fig. 7 represent the
measured pull-in curve of a particular system for
which the damping ratio was maintained at § = 0.5.
For small values of wn/K this pull-in curve can
be approximated by its circle of curvature which,
as indicated by the dotted line, is tangent to the
AW[K -axis and whose center lies on the w,/K-axis,
The pull-in range thus can be expressed analyti-
cally by the equation of the circle of curvature.
If its radius is denoted by g, the circle is given

by
2

2
Wy, 4(.)) _ .2
(T 9)*(& =S - (45)
Hence, for wWn/K = O , the pull-in range of syn-
chronization is approximately

AwPull-inl&*o =~ VzgwnK . (46)
K

@ can be interpreted as a constant of proportion-
ality which depends on the particular design of-
the system, and which increases as the system gets
closer to the theoretical limit of synchroni-
zation,

Equation 46 shows that the pull-in range for
small values of Ws/K is proportional to the
square root of the product of the cut-off frequen-
¢y w, and the gain constant K. Since the band-
width of a double time constant A.F.C. system can
be adjusted independently of the gain constant,
the pull-in range of such a system can exceed the
noise bandwidth by any desired amount,

V. Conclusions

The performance of an A,F.C., system can be
described by three parameters. These are the.
gain constant K, the damping ratio § and the
resonance or cut-off frequency wn . These para-
meters are specified by the requirements of a
particular application and define the overall
design of the system. It has been shown that
among the systems with zero, single and double
time constant control networks, only the latter
fulfills the requirement for achieving good noise
immunity, small steady .state phase error and
large pull-in range.
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STANDARDIZATION OF PRINTED CIRCUIT
MATERIAL FOR MECHANIZED RADIO ASSEMBLY

W. Hannahs, J, Caffiaux, N, Stein
Sylvania Electric Products
Physics Laboratories
Bayside, L.I., N.Y.

Now that several brands of receivers incor-
porating scme form of "printed" wiring are being
released to the public for field evaluation, pro-
duction and inspection departments are faced with
the necessity of evaluating raw materials for
vhich few standards have been established. Like-
wise the set designer, in replacing conventional
point-to-point wiring by a more readily reproduc-
ible pattern of foil-like metal ccnducters on a
plastic tase, needs standards of good design prac-
tice and the means of evaluating "printed" con-
structions far in advance of Underwriters' inspec-
tion or public reaction.

The most common approach to improved assem-
bling at this time is the ‘etching of metal-clad
plastic laminate and this important, but variable,
material must be at the focus of stamdardization.
However, in any consideration of standards and
conditions of tests of printed circuits for radio
use, the range of viewpoint must equally encompass
the similar products of etching, stamping, plating
or other processes, And it must likewise provide
for judgment of flexible as well as rigidly sup-
ported foil conductors, The present viewpoint may
reasonably be limited to connective harness join-
ing all, or a major part, of radio or TV sets, as
this promises to be of principle interest to the
industry for the foreseeable future. Components
employing "printed" parts and small silk-screened
unit assemblies are generally amenable to evalua-
tion under existing criteria.

In earlier papers by Dankol and by Swiggert?
reference is made to tests of adhesion in clad-lam-
inates and to tentatively utilized instantaneous
measures of electrical properties. Now, however,
engineers want a more perceptive look at these raw
materials, one which will enable prediction of
their endurance under field service conditions,
Also needed is an understanding of the effects of
dust, corrosion and other long term conditions up-
on variations of printed designs used in commercial
radio and TV,

Samples of typical plated, etched, and
stamped connective harness for radios are shown in
Fig. 1. Both rigid and flexibly based types are
represented,

Since shorting between conductors is ob-
viously dependent on adhesion to the insulating
member, delamination resistance is of primary con-
cern. Details of two tests for this purpose - (1)
a straight "pull" test and (2) a "peel test" were
previously reported by the authors’®, Recording of
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the stress required to peel a 1" wide conductor
at room temperature has come into rather general
use but agreement upon method is non-existent.

The essence of the peel test is well known
in the adhesive and plating industries and sev-
eral test procedures have been evolved“-Y, 1
Variations in the stripping rates and angles of
force application are dependent upon the specific
material to be tested, Published stripping rates
vary from one inch per minute with the force
applied at 90°, to six inches per minute at 180°,
to dead weights.

The rate of stripping for clad-laminates
has been found uncritical up to six feet per
minute, but gives results not correlative with
static (dead weight) type tests, Values reported
in this paper have been taken on the specially
constructed extensometer shown in Fig, 2 at
three feet per minute (exceptions noted) at
which speed the dynamometer gave smoothest re-
sponse,

A right angle pull has been found to give
closer agreement between specimens having differ-
ent foil thickness and probably also more closely
simulates actually encountered conditions where
the tag end of a conductor has begun to "1ift",
Tests performed under such conditions were in
close correlation with similar tests performed
on a low range commercial tensile testing
machine.

As adhesives of varying thermal character
may be used for foil bonding, cold adhesion
strength becomes a questionable index to endur-
ance at higher temperatures, In Fig, 2 it may
be noted that provision has been made to heat the
specimen under test by passing current from a
welding transformer lengthwise through the foil
strips. A thermocouple cemented to the foil
provides a complete thermal history on the
recorder at the right.

A first objective of this study has been to
determine the thermal endurance of foil circuits
under simulated conditions of manufacture. The
short-term hot peel strength represents the re-
sistance to delamination of conductors while
heated by soldering and under the stress of hand-
ling and thermal deformation, without the pres-
ence of hardened solder to interfere with meas-
urement. The graph of Fig, 3 is compiled from
tests on many samples, all brands obtainable,
and the several grades offered by some suppliers.



Fresh samples were used to obtain each tempera-
ture interval, All, however, were 2 oz, copper
on 1/16" paper base phenolic and were raised in
10 seconds to the temperatures shown, The
(initial) room temperature adhesion may be seen
to range from about 2.5 1lbs, to 19,5 1bs., per
inch of width.

It has been found that four generalized
types of response to heating may be recognized
among specimens which are all within the same
NEMA class, XXXP. Specimens having the highest
cold adhesion declined in strength as the tem-
perature was raised, in a gradual and easily
predictable manner represented by Curve I, A

second group of clad-phenolics, initially strong,

vere found to stand up well under mild heating
but to suffer a sudden 50% loss of bond strength
at a critical temperature level. This response
has been labeled Type II.

Many of the poorer materials show improve-
ment of strength upon heating, up to S0 - 70°C.
Some then fail completely at iSOO and others
continue to show some adhesion even up near the
1limit of short-term thermal endurances of the
best specimens,
and IV, A surmise of incomplete curing has been
supported in some cases by examination of the
bond layer, Notably, all materials have failed

These are typified by Curves III

in the 10 seconds required to reach 2L0°C; faster

heating, if obtainable, might enable differen-
tiation at the upper level. This test, while
yielding useful information about the behaviour
of laminates under soldering and hot-punching
conditions is too difficult for control use, be-
cause it is necessary to adjust experimentally
the temperature rise program for each sample to
a standard recorder diagram,

The method of selecting samples for ad-
hesion testing was in accord with ASTM Specifi-
cation D63L-Lk which essentially requires the
rejection of material within three inches of any
edge in order to minimize edge effects intro-
duced in processing, Some data was taken to
show the variation of strength in samples taken
from the center versus samples taken from the
edge of a sheet, This data may be found in the
table of Fig. L. Some sheets have also been
found to have the best adhesion along the edges,
Variations from sheet to sheet and from shipment
to shipment of the same brand were in some cases
quite pronounced.

Along with the averages for clad-XXXP
which may be considered typical, there have been
included a few values of more expensively based
materials for comparison, The bond quality of
clad-laminates has notably improved over the
past three years so that minimum acceptance
levels might well be raised several hundred per-
cent over those mentioned in the references
cited®s <,
finding, reflected in the tabulated data, that
those clad-phenolics having the best cold ad-
hesion also best survived solder dipping,

This is warranted also by the further
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The values in the second and third col-
umns of Fig., U were taken on rapidly heated
samples (as for the previous graph) and show a
large, temporary, loss of bond strength during
soldering, If a temperature critical for each
type is not exceeded, a strong bond strength
returns upon cooling,

Results of actual solder dipping tests
are given in the last two columns and the tem-
peratures shown are those of the solder on which
the samples were floated, The solder temper-
atures were, on the average, 30°C above temper-
atures recorded by thermocouples placed within
the samgles at the metal-plastic interface,

The 2LO°C level represents the lowest temper-
ature considered practical for commercial
solder dipping, These measurements were made
on 1" strips in a bath of low melting point
solder which permitted wiping the sample free
of solder, Control checks with 50 - 50 solder
baths and the use of narrower strips revealed
no discernable differences,

In Fig. 5 are shown samples on which peel
tests, cold and hot, have been made on three
adjoining strips, Separation of three charac-
teristic types have been encircled: (a) fail-
ure at the copper, (b) failure below the main
interface, and (c) failure alternating between
(2) and (b). The last mentioned type of
separation was found in the strongest bonds,

In Fig. 6 are blistered and exploded samples
from elevated temperature tests,

The most severe test of the acceptability
of materials and methods to be employed in the
fabrication of "printed circuits" in radio and
television receivers is their ability to with-
stand the rigors of service shop procedures,
The operating temperatures of the most fre-
quently used implements are tabulated in the
upper left of Fig, 7. Measurements were taken
by imbedding a fine-wire thermocouple at the
tip of the "iron" and recording the stabilized
temperature free standing in a 24°C ambient,

The duration of soldering tip contact to
a typical rigid-backed copper foil conductor
for several simple soldering operations was also
determined, and the minimum range obtained for
experienced service personnel is as follows:

TIME QPERATION

a) 1,5 to L sec, Tinning a small cleaned
area,

b) 2 tol Soldering a lead to tinned
area,

¢) 1.5 to 3 Unsoldering joint made in
(b).

d) 2tol Soldering lead in punched
hole

e) 7 to1l0 Unsoldering (d),

f) L to8 Resoldering (d).

The temperature level reached by etched



conductors while being soldered may be judged by
reference to the graph in the upper right of Fig.
7. The main curve in this figure depicts the im-~
pairment of bond under various typical hand solder-
ing conditions, compiled from continuous record-
ings of samples peeled on a Tinnius-Olsen tensile
machine, The plateaus of the curve reveal the
normal resistance of the conductor to stripping
and the valleys are the measured adhesion at

spots along the conductors where typical soldering
operations have been performed, the solder, of
course, being wiped off before testing,

The second and third valleys are typical of
carefully controlled assembly of phenolic based
circuits with low wattage irons and indicate re-
tention of a useful proportion of the original
force retaining the conductor, The longer periods
required for unsoldering in servicing, even
though performed in minimum time with small irons
is seen by the evidence of the first and fourth
valleys to produce a severe deterioration. 1In
most tests of the latter condition obvious blister-
ing of the base or release of the conductor was
observed,

The application of the stripping test to
flexibly backed foil is illustrated in Fig, 8
with values from several specimens, The manner
illustrated for holding the sample has been
chosen purely as a matter of convenience and no
direct logical agreement with the test of rigidly
based foils is expected, However, measurements
of rigid and flexibly-backed samples fabricated
with identical adhesive give values of the same
order., The last two values in the table raise
the question of the condition of samples priog to
analysis., Investigation at Stanford for WADC
has yielded evidence that etching generally ef-
fects bond strength adversely; moisture condition-
ing before testing adhesive strength is also a
genera% Eﬁgctice in the ASTM procedures
cited (b . Since peel tests may be performed
on finished circuits as well as the raw material,
these effects need to be taken into account.

In standardizing stripping tests, perform-
ance of the test on conductors less than 1" in
width has been found to correlate within 1 or 2%
except in the case of stamped circuits (see Fig.9).
In narrower widths stamped conductors give in-
creasing values of peel resistance per unit width,
because of the turned and mechanically clinched
edges produced in this process,

Other tests of the strength of clad-lamin-
ates such as shear (per ASTM D-816-L6) and
straight tension or "pull" (per ASTM D-L29-L7T)
have been found of limited use. Both present the
difficult problem of attaching a test member to
the cladding (by a cold setting adhesive or a low
melting solder) in a manner not deleterious to the
bond under test, yet superior in strength to it.
With any but the poorest 1/16" clad stocks simul-
taneous delamination of an area by a test plug
extends deeply into or through the base laminate
(Fig. 10). Such fractures often yield information
as to the nature of the bond but the values re-
sulting are widely dispersed and much dependent
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on the choice of plug diameter as may be seen in
Fig., 11.

No completely satisfactory test for di-
electric and loss factors has yet been proposed,
The use of ASTM D150-L7, wherein the average di-
electric is measured between the two metal clad
surfaces, is of limited control value because
the adhesive layers, which are in closest prox-
imity and have most influence upon fields gen-
erated by the conductor, are often a distinctly
different dielectric from the main body of the
non-conductor, Determining the "Q" of a speci-
fied coil etched on clad materials may be useful
in control of a specific production situation
but the standardizing of etching, washing and
drying, so as to make the test of wide general
use, does not look promising,

Determination of surface resistance by
ASTM D257-L9 is as feasible on clad as on non-
clad laminates because the simple pattern of
conductors required for this may be scribed and
stripped, thus avoiding the variable effects of
etching.

Surface resistance between closely printed
lines is markedly lowered by accumulation of
dust which absorbs moisture, In Fig, 12, pairs
of etched conductors exposed for only 9 days in
a dusty but dry location, show a ten-fold de-
crease of insulation resistance, The unpro-
tected conductors show an appreciably greater
sensitivity to dust plus humidity than do the
pair protected by a single coat of a JAN
approved fungus varnish, but both are seriously
deteriorated, This is emphasized when the
humidity is raised to a very common R.H, of 80,
resulting in a drop of resistance of the un-
protected lines from 2,500 to 25 megohms, This
is illustrated at the right of Fig. 12. Ade-
quate protection of printed circuits in radio
design is strongly indicated.

Because of the lack of data concerning
the useful life of etched foil circuits some
hypothesis is warranted, One potential cause
of failure is the deterioration of narrow con-
ductors due to electrolytic corrosion effects,
Such effects are apt to be noticeable when the
piece is exposed to intermittent operation in
moist environments, in which case electrolytic
currents may be set up with the insulating ma-
terial acting as an electrolyte., A semi-quan-
titative test to determine the extent of elec-
trolytic corrosion caused by the combined

effects of adhesive and backing material on
fine wires has been rep ited by the Minnesota
Mining and Mfg. Compan and with slight modi-
fication may be applied to the determination of
these effects in foil-clad laminates,

Deterioration of insulation and conductors
are quite generally accelerated by heat and cir-
cuits in the printed radios so far tested oper-
ate at surface temperatures of Ig to_102°C,
Reference to existing standards¢, 13, con-

cerned with the safe current capacities of



conventional conductors reveals several possible
ways of rating printed conductors, Generally,
allowable current densities are derived from the
permissible operating temperatures of the insula-
tions in contact with the conductors, For rubber
and thermoplastic hook-up wire (Type R & T insula-
tion) this limit is 60°C, Varnished cambric

(Type V) is rated at 85°C and asbestos insulations
start at 90°C, Common insulating bases for printed
circuits are most similar to Type V insulation
and, as such, may be classed by Underwriters for
operation at 85°, Ratings for phenolic laminates
range from 93° to 177°C and copper conductors are
generally not recommended above 150°C, Associated
components and wires of lower rating (55° and
65°C) may be the dominating factor. This consid-
eration for associated components is highly per-
tinent for “printed circuit" assemblies because

of the usual practice of placing RC components in
intimate contact with the connective circuit,

The permissible operating temperature of
printed circuit conductors which suggested itself,
with consideration of all of the above, is 85°C
(surface), The temperature nise of typical
etched conductors in a 60° ambient are shown in
Fig. 13.

Limiting current densities derived from this
data and an arbitrary 85° limit are quite ample,
ranging from 85,000 amps. per square inch for
isolated 1/32" conductors of 1 oz, copper, down to
2L,000 amps, per square inch in groups of 1/8" x 2
0z, conductors., The lowest is ten to twenty times
the density found in contemporary printed radio
designs. The temperature in most printed decks,
then, is the result of tube dissipation and the
generally high ambient within cabinets, Better
ventilation is indicated,

In addition to the suggestions made earlier
in connection with specific tests and procedures,
the results of the measurements here reported may
well be embodied in certain minimal recommenda-
tions of good practice in the design of printed
circuit receivers., In deference to the low hot
strength of conductor bonds, components should be
placed so as not to stress the bond, In Fig, 1lla
is shown how the component may be properly backed
by lead binding, and 1lLb suggests that no solder-
ing be done along a printed conductor except at
points mechanically anchored,

It is believed that dust and moisture re-
duction of surface resistance call for adequate
spacing of printed conductors (15¢); probably a
minimum of 1/32" on rigid bases and 1/16" on
flexible. The life and voltage ratings of printed
decks may both be extended by lowering operating
temperatures, and a very simple method is illus-
trated in 15b,

Much remains to be done on the standard-
ization of test procedures for clad-laminates and
toward the establishment of performance minimums,
The results of many aging tests will be needed to
set accurately maximum continuous temperatures for
printed decks, and to find better means of insu-
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lating and protecting them, It is hoped that
by bringing some of these matters to attention
that the development of an adequate body of in-
formation, concerning the application of printed
circuits to receivers, will be stimulated,
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A COLOR TELEVISION RECEIVER FOR THE NTSC SYSTEM

by Kenneth E. Farr
Westinghouse Electric Corporation
Metuchen, K, J,

Introduction

This paper will describe a compatible color
television receiver, Its basic circuits will te
described and illustrated by block diagrams.
Photographs of the receiver are also included.
The receiver to be described may be considered a
"medium-grade" type. It is capatle of producing
good commercial quality color pictures. Either
more elaborate or less expensive designs can be
produced within the framework of the NTSC gystem,
This receiver is intended to be an approach to-
ward a commerclal production design. It uses an
RCA tri-color kinescope tube producing a picture
equivalent in size to a 123" black-and-white
pleture. The receiver will operate on all VHF
and UHF channels, and will receive standard mono-
chrome transmissions as well as NTSC color signals,

In describing this receiver, the circuits
will be broken down into four broad sub-divisions
and each described in turn., These sub-divisions
include the monochrome or brightness signal
channel, the color decoder, the color synec cir-
cuits, and the deflection, convergence and power
supply circuits. In conjunction with the color
decoder section, the salient features of the NTSC
system will be discussed.

Monochrome Video

Turning first to the monochrome channel, much
of this portion of the receiwver is patterned
closely after present Westinghouse black-and-white
receiver production., The tuner, IF strip, sync
separation, AGC, and deflection oscillators are in
this category and will not be described in this
paper. The IF pass-bend requirements, however,
will be discussed in conjunction with the color
circuitry.

The video section of the receiver differs
considerably from black-end-white practice. It is
shown in figure 1. A 6AS6 is used as tre first
video stage, with DC suppressor tias variation for
master contrast control. Good linearity and uni-
form pass-bend with changes in contrast control
setting are required in this stage, since the
coler information passes through this stage in
addition to the monochrome or brightness signal.
The delay line here serves no function for mono-
chrome reproduction., Its purpose will be des-
cribed in conjunction with the color circuits.

The terminals marked color difference inputs re-
ceive no signal for monochrome reproduction, Thus
the red, green, and blue vicdeo amplifiers receive
identical signale, which are applied to the three
guns of the tri-color tube to produce a monochrome
picture.

Photo-

The resistors from the output of the first red
and blue video stages to the input of the first
green video are for coler reproduction only, and
will be explained later in that connection., As far
as a monochrome signal is concerned, they operate
merely to reduce the gain of the green video stage
in a manner similar to negative feedback, since the
voltages at the outputs of the first red, green and
blue amplifiers should be identical. The gain re-
duction suffered by the green video amplifier as a
result of thle connection is made up elsewhere in
the green video section.

To obtain a good monochrome picture as well as
a good color picture, it is important that the
video drive to the tri-color kinescope be adjusted
with reference tc the gains of the respective guns
to provide the same coler belance for all gradations
in the picture. The red, green and blue video
gains in this receiver are set at the ratio of 1
to .7 to .6 respectively, which is an average value
for the RCA tri-color tube. Fine adjustments of
coler balance are made by varying the screen volt-
age and grid blas of each gun of the picture tube
individually as required.

This video amplifier is AC coupled, and DC
restorers are used as ghown on the red, green and
blue outputs. It ie recognized that the noise
performance of simple DC restorers as used here is
poor. Direct coupling of the entire video system
does not seem practical, however., FPossibly some
form of keyed clamp will be & better solution and
will be tried as soon as time permite.

Triode video amplifiers are used to provide
greater plate swing for a given power supply drain
than could be obtained with pentodes. The two
halves of the 6J6 are used in parallel for the red
and green video output amplifiers but only one
half is used for the blue. This is because the
blue bandwidth need not be as wide as the red and
green. The operation of this video amplifier when
color pictures are being received will be describ-
ed later.

Color Video Circuits

The NTSC Sigmal

Turning now to the color portion of the re-
ceiver, before describing the receiver circuits a
brief resume of the technical features of the NTSC
color television system may be in order. Red,
green and blue video signale derived from a color
camera are mixed to produce a brightness or mono-
chrome signal. These red, green and blue signals
are also mixed in different proportions to provide
the chrominance information which is modulated
onto a sub-carrier at the upper end of the video




spectrum, The modulated sub-carrier 1s added to
the brightness video eignal and transmitted over
the normal television channel. The frequency of
the color sub-carrier is 3.579545 megacycles,
which is an odd multiple (the 455th) of one-half
the line scanning frequency. Selection of a sub-
carrier in this manner effectively interlaces the
chrominance components in frequency between those
of the brightness video signal and renders them
practically invisitle on most tlack-and-white
recelvers.

In Figure 2 is shown a specification of the
NTSC signal. The equation at the top 1s the com-
plete expression of the color video signal for all
video frequencies. It is seen to be made up of a
brightness signal Ey', and in the brackets a color
sub-carrier consisting of two parts. The chromin-
ance information which is modulated onto the sub-
carrier 1g formed in two packages, EQ' and EI'.
EQ' lies along an axis of the CIE color diagram
paseing from purple through white to green while
the ET' component lies along an axis passing from
orange through white to cyan. These two signals
are modulated onto two sub-carriers of the same
frequency but 90° different in phase. To conserve
bandwidth and improve compatibility of the signal,
this sub-carrier transmission is of the vestigial-
side-band suppressed-carrier type.

The vector diagram depicts the two components
of the modified sub-carrier, Eg' and Fr', at 3.58
Mc. in their correct phase relative to the burst.
This is the color synchronizing signal, trans-
mitted on the back porch of each horizontal blank-
ing period. The make-up of the brightness signal,
Ey', as well as the chrominance signals Eq' and
E1', is shown alongside the vector diagram. The
primes refer to gamma correction of the signals in
all cases. The compositions of Eq' and Ey' are
such that they can be combined in the proportions
shown in the lower right corner of the figure to
produce the color difference signals (Egp'-Fy') and
(Eg'-Ey'). Since the bandwidth of EQ' is limited
to 500 Ke. these relations hold true only up to
500 Ke. The equation second from the top, and the
dotted vectors, are alternative ways of specifying
the NTSC signal for color video frequencies telow
500 Ke, There is a real significance to these
alternative expressions as they indicate two possi-
ble types of receiver circuitry.

It should be realized that a single sub-
carrier vector 1s produced which is the resultant
sum of these two vectors. This resultant vector
can have any phase from zero to 360 degrees around
the diagram and any amplitude from zero (which is
a monochrome picture), to unit value. While it is
not immediately obvious from the way that this
vector is synthesized, it can be shoun that the
phase of the transmitted sub-carrier is a function
only of the hue of the picture,while its amplitude
is a function only of the saturation. Synchronous
demodulation is used at the receiver which re-
solves the components of the transmitted vector
along any desired axes. Thus, elther Eq' and ET'
or (ER'-EY') and (Ep'-Ey') could be recovered.

The medium-grade receiver under dircussion here
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utilizes only atout 600 Ke of color bendwidth, and
recovers (ER'-Ey') and (Ep'-Ey') directly.

A simplified diagram of a color transmitter
encoder is shown in Figure 3 to illustrezte the
generation of the NTSC color signal. If a tri-
color picture tube is substituted for the camersa,
and the signal paths are traced from right to left,
this figure would then bte a simplified illustration
of a color receiver utilizing the entire trans-
mitted chrominance signal.

Pass-band Considerations

The transmitted frequency spectrum of the sig-
mal, and to the same scale, the i1dealized RF-IF
response, are shown in Figure 4. It shoulé be
noted that the En' component is transmitted full
doutle side-band, while the wider band E7' is trans-
mitted with vestigial side-band., The receiver te-
ing descrited here utilizes only the double-side-
band portion of the signal. A somewhat more
complex receiver can be designed incorporating
matrixing to take advantage of the greater chromin-
ance bandwicth aveilable in the F;' signal, along
the orange-cyan axie. Thie "wide-band orange-
cyan" type receiver could be considered a deluxe
celiling performance receiver,

The receiver response at the tottom of the
figure is represented here as being 6 db down at
the picture cerrier in the conventisl manner, and
6 db down at aprroximately 4.1 Mc. at the upper end
of the pass-band. It is desired, hoyever, to have
the effective response to the color demodulator in-
puts flat over a somewhat wider renge to utilize
as much as possible of the double-side-hand portion
of the sub-carrier.

Figure 5 illustrates how this is accomplished.
The sub-carrier portion cf the trensmitted spectrum
is reproduced at the top for reference. In the
center is shown, in dotted lines, the IF pass-band
from !igure 4. Also shown here, in solid line, is
the chroma amplifier pass-band. This is the pass-
bend for the sub-carrier after the first demodula-
tion. It covers the region of 2.5 to 4.5 mega-
cycles. When the receiver is properly tuned, the
IF response will be complementary to this chroma
amplifier response, The effective overall pass-
band to the color demodulator inputs will then be
as shown at the bottom of the figure, being flat
over about plus and minus 600 Ke from the color
sub-carrier.

This idealized overall pass-band will result
only when the receiver is properly tuned. The IF
pass-band shifts relative to the signal, as the re-
ceiver is tuned, while the chroma amplifier pess-
band does not. For this reason, as well as the
practical difficulties encountered in matching the
slopes of an IF and a video response, a 6 db boost
in the chroma emplifier pess-band was felt to re-
present the maximum practicable amount of compensa-
tion. A further limitaticn on the amount of upper
side-bend which the receiver can use is the require-
ment that the chrominance pass-band be well down
(atout 30 db) at 4.5 megacvcles so that tke sound



carrier will not produce a 920 Kc teat in the
chrominence output.

Chrominance Channel

The chrominance channel, with a portion of the
monochrome video channel dupliceted, is illustrat-
ed in Figure 6. The chroma amplifier receives the
color sub-carrier signal from the output of the
first vicdeo stage. The saturation control, which
is a panel control for the viewer's use, varies the
gain of thie stage. It can be set to zero for
monochrome signals, The synckronous demodulators
are 6AS6 tubes with suppressor injection. The out-
pute of these demodulators are (FR'~Ey') and
(Eg'-Ey'). These outputs are combined with Ey! in
the resistive adders to form FR' and Eg'. Since
the band-pass to which the color difference signals
have been subjected is much narrower than that
through which the Ey' signal has passed, the color
difference signals suffer a delay relative to the
Ey' signal. The delay line shown in the Ey' signal
path intrcduces a delay of approximately .7 micro-
seconds to the Ey' signal to make the signals coin-
cident for mixing.

When color difference cignals are suprlied to
the resistive adders, the outputs at the red and
blue video plates are no longer identical and equal
to Ey' as was the case for a monochrome signal.
They are now ER' and Ep', respectively. Connecting
these plates to the green video input now functions
to produce the green signal Eg', by subtracting
the appropriate amounts of Ep' and Eg' from Ey'.
(It will be recalled that Ey' is made up of a
linear ad¢ition of Eg', ER' and Eg'.) The signals
Er', EB' and Eg' are applied to the three guns of
the tri-color tube to control the beams for their
respective colors, thus producing a simultaneous
color picture,

Color Sync

The local sub-carrier regenerator, which fur-
mishes injection to the demodulators, is illus-
trated in Figure 7., The output of the chroma
amplifier contains, in addition to the color video
informetion, the color synchronizing burst. In
order to s eparste this burst from the color video
information, a gated amplifier is used. The out-
put of the chroma gmplifier is applied to the
burst amplifier, along with a gate pulse from a
multivibrator triggered by the trailing edge of
the horizontal retrace. The eutput of the burst
amplifier then consists only of the color synchro-
nizing burst, which is applied to & balanced phase
detector, The output of the self-excited local
oscillgtor is also applied to the phase detector.
The DC error signal from the phase detector is in-
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tegrated and used to control the frequercy and
phase of the local oscillator.

Auxiliary Circuits

The high voltage supply for the tri-color
kinescope is a regulated fly-back supply deliver-
ing 20,000 volte at 700 microamps. This has been
described in a recent RCA License lab. Eulletin,l
A 6V6 18 used for the vertical output. Both hori-
zontal and vertical oecillators are multivitrators.
Dynamic convergence circuitry used for the tri-color
tube is essentially the same as developed by RCAZ,
Two low voltage power supplies are used, one de-
livering 300 volts at 225 ma. and one delivering
450 volts at 225 ma,

Physical Contruction

A top view of the receiver chassis is illus-
trated in Figure 8, This chassis contains every-
thing except the picture tube and speaker. The IF
strip and tuner can be seen along one side. The
high voltage supply is in a separate enclosure.
Figure 9 shows the underside of the chassis.

A rear view of the receiver in the cabinet is
shown in Figure 10, The picture tube is mounted in
a sub-assembly whick slides into the cabinet on
rails fastened to the cabinet top. A front view of
the receiver is shown in Figure 11. Controls direc-
tly exposed include on-off volume concentric with
master contrast. Saturation and master brightness
are thumb wheels on the side of the channel selec-
tor dial. Fine tuning is in the center of the
channel selector. Service controls are accessible
behiné center cross-bar, which is actually a trap
door., Additional service controls are on the rear
of the chassis,

Summary

To summarize, a receiver has been described
which may be considered to be an approach to &
commercial product. It is a medium gresde receiver,
Both cheaper, as well as higher performance more
costly type receivers are possible with the present
NTSC system. Whether this medium-grade type of
receiver will ultimately be the most practical,
time will tell.
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Fig. 9 - Chassis - bottom view,
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A SIMPLIFIED VIDICON TELEVISION CAMERA

V. K. Zworykin, L. E. Flory, W, S. Pike, G. W, Gray
RCA Laboratories Division
Radio Corporation of America
Princeton, N. Je.

Within a relatively few years tele-
vision has attained a pre-eminent posi-
tion in the American home, It has become
a primary medium of entertainment and an
important source of instruction. The
world of art, musioc, drama, current
events, and sports has been opened up
to the average American family as never
before, In the political realm the voter
has been given a familiarity with candi-
dates, representatives, and government
functions which should add new vitality
to the democratic process,

All this has been accomplished by
broadcast television. Up to the present
it has far overshadowed all other tele-
vision applications., Even so, closed-
circuit, or industrial, television is
finding increasing use in industry,
research, and education., Great progress
has been made in simplifying the con-
struction, improving the performance,
and reducing the cost of industrial
television equipment., The introduction
of the compact Vidicon camera has been
a major step in this development, Never-
theless, costs of all types of industrial
television equipment developed in the
past have been too high to permit a
distribution commensurate with its
potential usefulness,

Hence it is not surprising that
some of the greatest fields of appli-
cation of closed-circuit television have
not been touched. The utility of tele-
vision for classroom teaching is
unquestioned, Its use with the light
microscope permits showing biological
specimens, crystals and other materials
to large groups with an ease heretofore
unheard of, Televising equipment used
for lecture experiments in éhemistry,
physics and other subjects has been
amply demonstrated to be of tremendous
value, Interoffice or interbuilding
television for communication and trans-
mission of written or other visual
information could save large amounts of
time, In small shops where the family
living quarters and the shop are often
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in the same building a television camera
can "watch" the store and transmit the
information to the living quarters,

Home use of closed-circuit television
has never been seriously considered
because of the complex and expensive
equipment required.

We shall describe a device-which
is aimed at the fullest realization of
these potential uses of television
pickup equipment., This device is a
camera adapter which makes every exist-
ing television receiver a potential
closed-circuit television system.
takes the form of a simple Vidicon
camera which transmits video signals
over a cable to the receiver on carriers
corresponding to unused television
channels (Fig. 1). Its use does not
impair the normal operation of the
receiver in any way.

It

The camera attachment is so simple
and easy to adapt to the receiver that
the applications mentioned as well as
many others become immediately feasible.

As before indicated, the school
presents a fertile field for inexpensive
closed-circuit television equipment. In
an increasing number of schools the
television receiver is coming to be
looked upon as a standard piece of class-
room equipment, The addition of even
one camera attachment linked by cable
to the several receivers can enhance
their usefulness by a large factor,

With its aid, the school principal can
address all classes simultaneously,
introduce distinguished visitors, and
present visual demonstrations at close
range to the students, All this can be
accomplished with a minimum expenditure
of time and without disruption of class-
room schedules, If, in addition, camera
units are placed in each classroom, this
enables the principal to obtain an
instantaneous check on classroom condi-
tions from his office., Purthermore,
teachers in training and visitors can
study olassroom procedures and student



reactions without affecting them by
their presence,

In the home a simple television
system would be in great demand by hobby-
ists and experimenters as are movie
cameras, tape recorders and the like,
Purther, utilitarian uses in the home
such as watching children at play,
monitoring the front door or checking on
the baby asleep in the nursery would
make the receiver in the living room not
merely a means of entertainment but the
real nerve center of the home (Fig. 2).

Two cameras and receivers tuned to
complementary channels and linked by an
inexpensive .coaxial or in many cases
twin lead line immediately become a two-
way television communication system for
inter-room use for transmitting visual
information. Even a larger number of
rickup points may be included in a net-
work with a single cable connection,
the observer at each receiver selecting
the camera whose picture he wishes by
the usual channel selector switch,

In addition to the home and the
school, industry, commerce and institu-
tions of many types can find extensive
use for the equipment in question, With-
out elaborating upon this further, let
us examine its construction and operatim.

As in the standard RCA Industrial
Television Equipment, the Vidicon forms
the heart of the camera unit, Its small
dimensions, high=-quality performance,
and simplicity of operation contribute
materially to the success of the system,
In it the photoconductive target on
which the picture is projected is scanned
directly by a magnetically deflected low-
velocity beam. The video signal is
obtained from the target electrode
(Fiso 3).

In other respects considerations of
economy have led to distinctly novel
design features., It was realized that
in many ways the circuitry required to
operate a closed=~cirocuit television
system using the Vidicon pickup tube is
quite similar to that already in use in
television receivers, This circuitry
has been highly developed for mass pro-
duction and represents a very high value
in terms of cost for the functions per-
formed, Therefore, it seemed logical to
investigate the possibilities of using
these highly developed circuits to per-
form the additional functions necessary
to complete a closed-circuit television
system.
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In general there are four functions
necessary to operate such a system.
First, there must be provided a viewing
screen or monitor on which to view the
picture. This, of course, is already
available in the receiver, Second, the
relatively weak signal generated by the
pickup tube must be amplified to a level
suitable for modulation of the kinescope.
Amplification of a high order is accom-
plished in the receiver, This amplifi-
cation is, however, performed at radio
and intermediate frequencies while the
signal generated by the pickup tube is
usually at video frequencies extending
from near dc to several megacycles,
Third, voltages must be supplied to the
pickup tube to generate and focus the
scanning beam, In the case of the
Vidicon the voltages required are in the
range of those present in the receiver,
Iastly, signals of proper waveform must
be supplied to cause the pickup tube
beam to scan the target in synchronism
with the monitor kinescope. Since the
Vidicon requires about one tenth the
number of ampere turns of deflecting
field as a 70 degree kinescope operating
at 15 kilovolts the necessary deflecting
power can be taken from the receiver
with negligible effect upon its normal
operation.

In designing the adapter the second
operation mentioned, that of amplifica-
tion of the weak signals from the
Vidicon, required the greatest amount
of attention. A typical signal current
from the Vidicon is one tenth micro-
ampere, It has been found in practice
that an input resistance of 50 thousand
ohms is the maximum that can profitably
be used and still allow adequate high
frequency compensation, This means a
maximum low frequency signal input of
5 millivolts, Two methods of handling
the amplification are possible, First,
the signal may be amplified directly as
a video signal to a level to operate
the video portion of the amplifier in
the receiver, In most receivers this
is a level of several volts. Alterna-
tively, use can be made of the existing
RF and IF amplifying circuits in the
receiver by converting the video signal
to a modulated carrier at some point in
the camera. The latter method was
chosen because the signal can be trans-
mitted over a low impedance line to the
receiver at a low power level requiring
little power output from the camera and
because of the convenience of coupling
the signal to the receiver at RF
frequency.




The signal from the Vidicon is
amplified in a four stage amplifier con-
sisting of two double tubes, to a level
of about two volts, A third double tube
in the camera is used as an oscillator,
electron-coupled to a modulator section
which in turn feeds a coaxial 1line to
the receiver, A simplified schematic
diagram of the camera is shown in
Pigure 4., The oscillator frequency may
be ad justed to fall in any unused tele-
vision channel. In this area it may,
for example, be adjusted to make use of
channel 8 which has a picture carrier
frequency of 181.25 megacycles,

A cable connects the camera to the
receiver through a control box to provide
the necessary coupling circuits and to
provide control of the Vidicon beam and
focus from the viewing point., The cable
may be up to several hundred feet in
length,

The RF signal from the camera is
coupled directly to the antenna circuit
of the receiver through an attenuating
pad to prevent any interference with
normal operation of the receiver., Verti-
cal deflection is provided by simply
connecting the camera coils in series
with the low side of the receiver coils,
Horizontal deflection is provided through
a transformer on the low side of the
recelver horizontal coils as shown in the
schematic of the control box in Pigure 5,
The transformer is used rather than a
direct connection because in many
recelivers the coils do not return to an
ac ground. Direct connection would hence
require two wires in the cable carrying
the signal, With the transformer one
side of the secondary may be grounded
and one wire is sufficient,

It is also necessary to supply a
blanking signal to the Vidicon in the
form of pulses occurring at the horizontsal
and vertical frequencies, These blank
the Vidicon beam during the flyback time
and prevent the generation of spurious
signals due to beam return., Horizontal
blanking is obtained from a pulse of the
order of ten volts which appears across
the camera horizontal coils., This pulse,
which is made positive, is applied to the
cathode of the vidicon, Vertical blank-
ing is generated in the control box by
using a blocking oscillator transformer
with a pulse stretching and clipping
circuit shown on the schematic of Figure
5. The negative pulses so obtained are
sent to the camera on the Vidicon grid
lead and serve to bias off the beam
during vertical return, A small amount
of these blanking signals may also be
mixed into the video signal to provide a
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means of synchronizing additional
receivers,

The necessary dc voltages are
drawn from appropriate points in the
receiver circuits and are modified and
controlled as necessary in the control
box. As can be seen there are no tubes
in the control box, the only tubes
required in addition to those in the
receiver being the three double tubes
in the camera itself (Figure 6),

In the receiver shown in use with
the camera attachment (Figure 7) and in
many other standard receivers no modifi-
cations of any kind are necessary. All
connections to the receiver are made by
means of adapters placed under tube
bases and deflection coil plugs (Figure
8). Actual adaptation.of the camera to
makes of current receivers representing
over 50% of the total receivers made has
been done, In most cases the only change
to be made in the camera is in the wiring
of the actual adaptors to match the par-
ticular line up of tubes. In some
receivers there is no plug-in connection
for the deflection coils, In these cases
it is necessary to cut the wires to the
coil and insert connectors in the leads,
This is a simple operation which can be
done without removing the chassis, A
study of schematic diagrams of all of the
other leading makes of receivers in
current production has indicated no
difficulties to be expected in designing
a universal attachment which would need
to differ only in minor connection detail
from receiver to receiver., The camera
unit can be connected to a receiver in a
few minutes and thereafter can be used
at will, 1Its presence does not interfere
with normal use of the receiver, Oper-
ation can be changed from camera to off
the air by a switch on the control box,
The heaters in the camera may be left
operating so that this changeover becomes
instantaneous in either direction. Only
minor modifications in the control box
are required to permit the use of several
camera attachments operating with a
single receiver, The major change
required is the provision of individual
beam current and focus controls for each
Vidicon camera and the provision of a
selector switch to connect power and
deflection to the desired camera,

A bandwidth of four megacycles is
obtained so that picture definition is
limited by the receiver itself, The
sensitivity of the Vvidicon is adequate to
permit operation under room lighting con-
ditions when standard 16-mm movie camera
lenses are employed as objectives,



In summary, an extraordinarily
simple and flexible closed television
system is obtained by adding a suitably
designed Vidicon camera attachment to a
standard home receiver. The simplicity
and economy of the system is the result
of maximum utilization of receiver
circuits and components., Its potential
uses go far beyond those of the usual
industrial television system, In par-
ticular, widespread use of television as
a teaching aid in schools, two-way inter-
communication systems, and even the use
of closed=-circuit television in the home
become feasible, bringing us a step
nearer the fullest utilization of tele-
vision in its broadest sense as an
extension of vision,

Fig. 1
Camera adapter with receiver
and control box.
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Fig. 2
RCA 6198 Vidicon.

——6ug — —6U8—

References

1.

3

4.

The Vidicon Photoconductive Camera
Tube, P. K. Weimer, S. V. Forgue,

R. R. Goodrich, Electronics, May 1950

Simplified Television for Industry,

R. C. Webb, J. M. Morgan, Electronics

June 1950

The Television Microscope, L. E.
Flory, Cold Spring Harbor Symposium
on Quantitative Biology, June 1951,

Television in Medicine and Biology,
Ve K. 2Zworykin, L. E. Flory,
Electrical Engineering, Jan. 1952,

Fig. 2
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Fig. 7
Cemera adapter in use with Fig. 8
standard television receiver. Control box and adapter plugs.
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