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THEORY OF SYNCHRONIZATION APPLIED TO NTSC COLOR TELEVISION 

Donald Richman 
HazFltine Corporation 

Introduction 

Tite field test standards for color 
television specified by the National Tele-
vision System Committee add color a mono-
chrome picture by means of a 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 signal at 
a reference phase is provided in the trans-
mitted signal to permit measurement of the 
instantaneous phase an -1e of the carrier 
color signal in receivers. 

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

At the request of the NTSC a study 
was made to find out how much phasing aLd 
synchronizing information is contained in 
the color sync. signai and how it may be 
used. The study showed that the phasing 
and synchronizing information inherent to 
the dolor sync signal is sufficient to 
provide completely automatic operation. 
This 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 fada 
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 mc. 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. 

II. 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 synchronizing 

information obtained over some period of 
time. 

The input to the integration system 
consists of color sync plus undesired 
noi3e components. Figure 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 20. The rms phase 
error due to input noise in the output 
reference signal is held within selected 
limits by the integratibn. 

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

III. Integration 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/NW, of a receiver to 
the rms phase error,Ipmm, of the output 
reference signal com in g prom the integ-
rator. The integration time, TM, re-
quired to hold the error to the selected 
level, is a parameter. Nw is the rms 
noise in a 4.3 megacycle video bandwidth. 
A receiver 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 
5O 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. 
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IV. Passive Integrator  

Figure 4a shows the block diagram 
for an integrator in which the required 
integration is obtained Dy use of a pas-
sive high-Q filter. 

The amplitude response of the fil-
ter as a function of frequency is shown 
in Figure 4b. The equivalent noise band-
width of the filter is fN' Trie noise 

bandwidth of the filter should not exceed 
approximately 200 cps for the level of 
performance indicated on the previous 
slide. Trie necessary Q 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 Q. but ap-
parently cannot as yet exceed it by a 
large factor. 

Figure 4c shows the phase charact-
eristic associated with the crystal sel-
ectivity. Undesirably large static phase 
shifts could occur with reasonable toler-
ances on crystal frequency 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, 

nected in a feedback loop. 

con-

Trie static phase may be held as 
closely as desired by putting enough DC 
gain 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 
when 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 te transient time 
constant of the phase feedback loop. 
This means that completely automatic per-
formance is poss.ible with this circuit. 

Trie 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 Pham 
Control Locked Integrator  

Figure 5a shows the block diagram 
of a standard automatic frequency-and-
phase-75=5.1 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. 
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The filter has low uniform trans-

mission in a frequency band up to half 
line frequency, and very high DC trans-
mission. 

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

in the phase detector by a static phase 
shift 24, and the amount Llf, 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, fe, 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 frequem; 
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 feedback as by 
the AC transmission of the filter. The 
noise bandwidth of the APC loop is indic-
ated on the figure as fNN. 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 auto-
matically peak tuned. However, reducing 
the noise bandwidth impairs the pull-in 
performance. 

Figure 5d 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 limit of 
the pull- in range, at which point it 
becomes infinite. For most designs the 
pull-in range is substantially smaller 
than the limit 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 limit is shown 
in Figure 6 which relates the pull- in 
time TF in seconds, to the noise band-
width fNN in cycles per second. 

The relationship between noise 
bandwidth and pull-in time is shown for 
several values of Qf. For example, 
point A shows that an optimum design unit 
of this type having a noise bandwidth of 
100 cycles can pull in from a value of 

f = 1000 cycles in 4 seconds. In the 

limit, the pull-in time is proportional 
to (.4f) 2, and inversely proportional to 
the cube of the noise bandwidth. This 
indicates that the Standard APC loop is 



adequate for completely automatic color VIII. Improved Synchronization System. 
synchronization. 

Not all designs of the APC circuits 
will acnieve 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. 

VII. 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. Figure 7 shows how these are 
related in the standard APC system. 

Figure 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, pf, plotted to the same 
horizontal scale. 

Within the linear region, frequency 
pull- in is instantaneous. A DC voltage 
próportional 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 Pf 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 4f is large but is inactivitated 
after synchronization has been achieved 
because of the flat region near the cen-
ter of the curve. 

For best performance the sync sys-
tem should make the pull-in and hold-in 
modes of operation as independent as 
possible of each other'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 arainst 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 distinruiàh it 
from noise. 

This sets the real upper limit of 
performance. If the Preauency measure-
ment is linear, then, after 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 frequency pull-1n 
time for reliable performance is the 
integration tine necessary to measure 
the frequency difference with enough 
accuracy so that after switching, the 
oscillator will be within the range of 
instantaneous pull-in shown previously. 
For example, in aburst sync system de-
signed for 7-1/2 kilocycles peak pull- in 
ranIe, 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 
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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 900. The resulting signals are 
applied to a third synchronous detector, 
the output of which is filtered as shown. 
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 freauen-
cy difference is etermined. RI and P. 
are vectors in quadrature. The rotating 
vectors represent the sync signal. The 
relative direction of rotation depends 
on whether the frequency difference is 
positive or negative. When A w > 0, 
the rotating vector comes in phase with 
Riki 900 before it comes in phase with RI. 
When C (A) .4,0 the opposite is true. The 
90° 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 AC). 

The quadricorrelator obtains its 
noise immunity as a frequency detector 
by heterodyning a beatnote against the 
only independent signal available at 
identically the same frequency, which is 
a beatnote derived from a quadrature 
sample of the same signal. 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; its 
component parts are already present in 
NTSC color television receivers. 

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 ratio and out-
put rms phase error; for best performance 
these are both small. 

Two groups of curves are shown. 
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 50 . 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 sienal. 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 circuits permit 
performance far in excess of what is 

required. 

Bibliography  

The mathematical derivations of 
formulae presented in this paper appear 
in Technical Monograph #7 of the 
National Television System Committee. 
This monograph will appear in the IRE 
Proceedings Iâter this 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 
ing circuit shows promise 
system for the NTSC color 
performance is comparable 
cuit and it responds in a 
typical circuit is given, 
are discussed and some of 
not ed. 

crystal filter or ring-
as a color synchronizing 
television receiver. Its 
to the A.F.C. type cir-
passive fashion. A 
the design parameters 
the difficulties are 

The commonly used technique for color syn-
chronization in the NTSC color television receiver 
is the use of standard or nvilfiel Automatic 
Frequency Control circuits. ) Another tech-
nique that shows promise is the use of the passive 
crystal filter. 1, -5e 4 This paper will cover the 
operation of the crystal filter and compare its 
performance with that of the A.F.C. 

The function of the color synchronization 
circuit in the NTSC color receiver is to develop 
or generate a continuous wave 3.58mc voltage that 
is synchronized in frequency and phase with the 
reference "burst." This burst is transmitted 
after each horizontal synchronizing pulse and 
consists of eight cycles of the 3.58mc 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 actors or color demodulators. 

Of course, the phase of this reference voltage 
must be properly set 9D that the demodulators 
detect along the correct vectors, the phases of 
which are indicated in Figure 1(b). Figure 2 
shows the arranaement 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 50 to 10° may result in perceptible 
color degradation. This amount of phase error 
may thus be considered to be the tolerance that 
the system must maintain 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 af say 50, then we 
might reasonably allow the color synchronization 
portion up to say É 3° of phase error due to any 
one cause. 

"tith 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 bardpass 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 introdleed ahead of the filter cir-
cuit to prevent 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 interval. For this de-
caying wave to remain of appreciable amplitude 
during the 220 cycles of the horizontal picture 
interval, the Q of the circuit must be relatively 
hie. Even with the highest usable Q' s there is 
some decay during this interval, sa 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. 1P3 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 approximately 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 approximately 8,000. This is an upper 
limit on the Q if we restrict ourselves to the 

30 phase shift. With a Q of 8,000, the wave 

111 decay to approximately 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 natural frequency. 
The amount of power in the crystal filter circuit 

is small 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 frequency; so if we want again a 3° phase 
drift due to crystal frequency drift, a Q of 
8,000 allows the frequency drift to be the same 
as the transmitted subcarrier drift or 

Practical crystals can be made with a temperature 
coefficient of 1 ppm,/°C. in whi,ch case the allow-
able temperature tolerance is e_ 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 assuned that the out-

put reference phase is correct at the beginning of 

the line, then it should be off by, say, no more 
than 30 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 
tolerarme of t 0.003b. 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, 300 for this case) 
and the overall circuit must have enough range of 
phase control to make 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 transformar 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 number three. The 
crystal filter circuit is quite similar to that in 
a communication 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 mach 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 8,0(X). 
Figure 4 shows typical values for one type of AT 
cut quartz crystal, as well as the equivalent cir-
cuit and the required external resistance 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 filt er, particularly at frequencies away 

from resonance. The neutralization condenser ray 
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 voltage de-
veloped in the termination oust 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 output 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 tine constant in 
the neighborhood of 2,45. 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 amplitude of the reference wave nay appear 

in the final output and rive rise to shading of 
the color picture. For good noise performance, 
the limiting 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 nay appear in the 
picture each time the limiter fails. An amplifier 
(V2) is shown in the circuit of Figure 3 between 
the filter and the limiter to assure sufficient 
signal amplitude for effective limiting. ,ath 
care, it appears feasible to eliminate V2 and 
substitute an impedance matching or voltage step-
up network and still obtain effective limiting. 

No attempt is made here to incorporate a 
"color killer" which would cause the color portion 
of the set to become inoperative if no burst is 
present. 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 
is used to furnish the reference signals at 0° and 
-900 to the two detectors. Fortunately, even if 
the phase does come out wrong with all circuits 
tuned to resonance, 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 master 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 ; HAM 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 sane 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 
tines line rate away from the desired frequency 
appeared most often. A number of crystals were 
measured and found to have spurious modes at or 
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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 combination of phase change due to limiting 
and phase change due to slight off frequency 
operation of the crystal. 8y tuning the crystal 
with a series capacitance, it is possible to keep 
the overall effect quite small. 

Tb summarize, the crystal filter can be 
designed which has only a t 30 phase error for 
transmitter frequency variations, a reasonable 
stability with temperature change and a passive 
type of performance. With the 3db bandwidth of 
440c ( Q = 8,000) or a noise bandwidth of ir x 440c 

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 sane noise bandwidth, have a very small static 
phase error with frequency change - much 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 sidebanda in the burst spectrum. 
When side-lock occurs, vertical color bars appear 

(e) 

G-Y 

(b) 
B-Y 

BURST 
PHASE 

Ids 

R-Y 
0" 
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in the picture and as the oscillator is locked in, 
it is perfectly content to remain side-locked. 
The noise 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 
A.F.C. may 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 sane 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 nature 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, 
namely, 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 8-cycle 

3.58-mc burst on the right or 
back porch. (h) vector diagram showing 

the relative phases of the burst, 
thé color difference signals and I and Q. 
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Fig. 2 

Block diagram of the NTSC color 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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Fig. 4 
(a) equivalent circuit of the crystal 
filter whioh operates in its series 
resonance mode. (b) typical values 

for one type of AT cut quartz 
crystal with graph of bandpass vs. 
the total external resistance in 

the crystal circuit. 

Fig. 6 
(a) output of crystal filter (before 
limiting) showing the effect of a 
strong spurious mode approximately 
3 X 15.75 kc away from the funda-

mental frequency. (b) wave in ( a) 
after limiting. ( c) 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 crystal and possible 
phase distortion from the limiter. 
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Fig. 3 

A typical diagram of the crystal 
filter as used for color synchronization 
in the NTSC television receiver. V1 is 
the burst gate. The crystal filter is 
followid by one stage of amplification 

and then by the limiter stage. 
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Fig. 5 
(a) appearance of the burst at the plate of 

the burst gate tube. (b) decaying wave 
at output of crystal filter, not completely 
neutralized. ( c) 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-
ient during buildup when crystal 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 react-
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 ef, which it produces 
in the oscillator. It is normally near-
ly linear, having a slope (3 . 

de 
Figure 2b shows phase detector gain. 

It relates the phase difference, 440 , 
between the burst signal and the refer-
ence oscillator, to the voltage, E, 
which it produces. The curve ( h) has 
a sinusoidal shape. 

The slope of the phase detector 
gain curve at the operating point, indi-

cated by µ = è£40, is the Rain of the 
phase detector for in- sync operation. 
µ is numerically equal to the peak value 
of the sine-wave. µ and the curve ( h) 
must be measured statically. 

The product µ . 0 = fe is the DC 
loop gain of the APC loop, fe 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 
shown. 

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 charact-
eristics of the APC loop. It shows how 
much static phase error, .40 , is required 
to generate enough control voltage to 
shift the oscillator frequency by Llf. 
This curve is obtained from the curves 
for µ and shown in Figure 2. 

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

Fortunately, making fe 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 fe, and the 
parameter m which is the ratio of AC to 
DC loop gain. 
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The term mfc is the AC gain of the 
loop. The pull- in range is closely equal 
to the square root of the product of 2fc, 
the peak-to-peak holding range, and mfc, 
and AC loop gain. For some designs, ade-
quate pull-in performance requires a 
larger value of fe than is required for 
tight static phase control. 

IV. Dynamic Characteristics  

Figure 4 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 
major 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 
mfc and the noise bandwidth would be 
qr/2 times mfc. 

The capacitor C permits the DC gain 
to exceed the AC gain, which is necessary 
for good pull-in performance. However, 
the reactance of thee 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-
width. 

The noise bandwidth, INN' 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 4. 
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 m. The 3 db down fre-
quency for the filter is much lower, of-
ten at a small fraction of a cycle. 

V. 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 
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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 1172 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, ilf. 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 through the 
resistance divider and causes the beat-
note frequency to be less than Gf. 
When Cf• < mfc a voltage is generated 
within the first cycle of beatnote which 
is large enough to cause pull-in. When 
pf exceeds mfc a DC component is gen-

erated which varies inversely with 41f 
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 6c 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 
TF is proportional to the product of the 
shunt time constant xT with the fraction 
shown. The numerator(LICl/WcY- de-
fines the performance when only a small 
fraction of the pull-in range is used. 
The denominator contains a term which is 
the square of the ratio of Pf to 
Zfm ax. 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 work. 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 Làf 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 . 001 res-
pectively. In this case, where K is con-
stant, the DC loop gain fe varies inverse-
ly with m. Thus, increasing the DC loop 
rain 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 = 4 requires a longer pull. 
in time tnan 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 is an optimum value for K. 

VIII. 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, fe. For 
these values of fmm and f, the limit to 
the pull-in ranges obtained with high 

values of K. 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 pull-in performance. The 
real requirement is that for some practi-
cal selected time interval, possibly not 
exceeding a few seconds under worst con-
ditions, pull-in shall occur for as wide 
as possible a frequency range. 

Figure 8b, on the right, shows a 
clear optimum design in this regard. The 
parameter which is plotted against K 
is equal to the pull-in time TF in sec-
onds, divided by the ratio of [3f2 to 

fNN 3. For example if the oscillator de-
tuning is Zlf = 1 Kc and the noise band-
width is 100 cycles, then e equals 
pull-in time in seconds. For this case 
pull-in time cannot occur ih less than 
4 seconds. 

This limit 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 limit curve 
has its lowest value at K = 1/2. How-
ever, when three-fourths of the relative 
pull- in range is used the curve moves 
up and has a minimum near K = 1. This 
means that for any pull-in time TF, 
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. Design 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 [If and fe are plotted for 
several different conditions. 

Lines of constant slope passing 
through the origin represent constant 
values of phase angle, 40 , after pull-in 
from Af in a circuit having some speci-
fied fe. Values of 4a0 equal to 10° and 
50 are shown. 

The three other curves shown indi-
cate pull-in performance for a noise band-
width of 100 cycles and K equal to 1. 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 fc = 30 tc 
40 Kc seems desirable. An APC loop of 
this type, with a noise bandwidth of 400 
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 
is masked by video noise is near 100 cps. 
The preferred noise bandwidth is 100 cps. 
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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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TRANSIENT RESPONSE IN A COLOR CARRIER CHANNEL 
WITH VESTIGIAL SIDE BAND TRANSMISSION 

J.S.S. Kerr 
Electronics Laboratory 

General Electric Company 
Syracuse, New York 

Introduction 

In the proposed color television standards 
currently being field tested by members of the 
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 luminance signal at video, and 
then the composite signal modulates an r.f. 
carrier. If the transfer functions which operate 
on the signal between sub-carrier modulation and 
sub-carrier detection satisfy certain conditions, 
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 
characterieics 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 func-
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 u4t, may be modulated by a video 
function f(t), and then the resulting function 
synchronously detected by multiplying it with an 
auxiliary carrier, cos cut 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 a& t carrier is syn-
chronously detected with an auxiliary sin WO. 
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 

affected by a transfer function. Let a carrier, 
cos (Je t, be modulated by a function of time f(t) 
with a complex video spectrum K(4)) with highest 
frequency 4. Let the resulting spectrum be 
G(0). Then 

G(441.+0) 7. G(0,-4.) ) = K(4) ) (I) 
where the bar on top denotes complex conjugate. 
Now let this spectrum, G(W), be operated on by 
the transfer function g(e) through which the 
modulated carrier passes before detection. Then 
the resulting real function of time before detec-
tion will be given by 

F(t) s Re DIrf G(&)g(d.0 ) exp(je t)da.) 
1 

‘41 

= cos a{ t {Re 2-Fr io K(a) ) rg(Wc. ) 

g(04_ exp(jw t) duJj 
1 64k 

+ sin (Je t f Re 27-7 -r (“) )j[g((  ) 

g( (L&-w)] exp(jet) de) (2) 

See Figure 1 for a schematic diagram of the above 
process. If this signal were synchronously 
detected with an auxiliary carrier, cos Wct, and 
passed through a low pass filter, the final 
result would be the expression in the first set 
of f 7 . 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/(A)) where 

RI(G)) [g( 6{ +£4, ) + iT747:75-).] • (3) 
Also if F(t) is synchronously detected with an 
auxiliary carrier, sin cd.kt, 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 to 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 
where 

j 4. CiJ - g—C-Ct7;7 (7)] (4) 
Thus te 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(e,t - A) is equivalent to passing 
the original video function of time f(t) through 
a video network with a transfer function R(e) 
where 

R(c4) ) Eg( ‘Jc +a, )-fg*--(— Tc .)] cos Q 

+ j{g(q +4.° )-g(-4{ -co JainQ . 5) 

Except for notation, this is the same result as 
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that obtained by Nyquist jrn 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 al„ then it is necessary that the trans-
fer function of the quadrature component network 
(R ( GO)) be zero ata) =i4-3 . Therefore, 

g( 4-)c# ) = g( 4.0c — 44) (6) 
If no cross talk is to occur for video frequencies 
from d.c. up to, say, Wj , then the requirement 
that g(a4, 4-W) = g(u{ - co) for 0 
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 (4. 

The in-phase and quadrature video response to 
any frequency to may be visualized by means of 
vector diagrams such as those given in Figure 3. 
The amplitudes of the component vectors are 
Ig( 44 +m))I and ig((4), - ea)/ . 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 wnen 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 RI and RQ 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.) In 
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 network g 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 be 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 c 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-
sis 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 L. The transfer 
characteristics on the left (a and c) result from 
a linear phase analysis while those on the right 
(h 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, IRQI, for min-

imum phase shift characteristics is larger and 
occurs at slightly lower frequencies than for 
linear phase shift cnaracteristics. Also the in-
phase amplitude characteristic, RT I, for the min-
imum phase case drops below that or the linear 
phase case ( this is more noticeable in Figure 5 
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 5 
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 
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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 bottom 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 shown 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 amplitudes 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. Apparently 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(a) where 

= et, — 40c is a video frequency. He splits the 
symmetrical and skew symmetrical parts of Y(fl) 
into real and imaginary components so that by 
definition 

[y(n + Y(-11)IJ 

El(n) - y(-1-2)] 

= g1(fl) + Jbl(12) 

g2(12) + jb2(12) 

The present paper works with the complex transfer 
function g(4)) throughout and, incidentally, 
measures the argument from the frequency origin 

f lt) —1•K ILO) 

VIDEO 

MODULATOR 
G W)) 

instead of from the carrier frequency LA.1 . 
Thus 

g(w ) g( ee‘ +12 ) Y(4t) 

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

)+ib2 Re [Y(12)+Y(-12 

+ Jim [Y(12)-Y(-I2 

= [YCI1 )+YFT>1)] 

feu), +12)+7E7u:—.12)] 

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

-bi(f2)+jg2(//) = JI7g2 (12).éjbl(12).1 

• 4 { Re [Y(12)-Y(-11)] 
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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. In 
the process of coding the color signals for 
transmission, the R, G, B voltages undergo a 
linear transformation which produces three re-

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 ROB 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 cobr 
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 
à 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. 
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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 NTSC is most 
easily visualized in an RGB color space, i.e., 
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 colorimetric 
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 0.114 respectively, the total 
luminance of a color mixture is given by the ex-
pression: 

Y im .299 R 4 . 587 G 4 .114 B (1) 

Planes of constant luminance are obtained by 
setting Y equal to a constant in this expression. 
Such aplane 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 subcarrimr, 
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: 

R - Y 
1.14 SR 

and 

B- Y 

(2) 

S lc (3) 
B 2.03 

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

and 

ísyl 

LGRI 

- .615 - . 515 - .100 R 

.299 .587 .114 G (4) 

- .147 - .289 4. .436 

1 0 

1 - .394 Y (5) 

1 2.03 S 

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 SR signal is detected in 
the SR 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. jhis 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 eye27 

Subcarrier Transient Path - Case 1 

Let us assume that at a color transient the 
camera color point changes its position in the 
subcarrier (SR, SB) plane, moving H units along a 
line making the angle 8 with the SB 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 SR and 
SB channels are the components of this step re-
solved along the SR and SB axes, i.e., H sin e 
and H cos S. 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: 

SR = CR 4. H sin 8 I(t) 4. H cos Q(t) 

SB = CB 4. H cos I(t) - H sin Q(t) 

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 eo to line them up with the direction of the 
transient. Translation of the axes to the point 
(CR, CB) changes equations ( 6) and (7) to: 

SR' = H sin I(t) 4. H cos Q(t) (8) -

SB = H cos 8 1(t) - H sin Q Q(t) (9) 

To rotate the axes by eo, we use the transfor-
nation equations: 

SR = SR cos 8 - SB sin 

(6) 

(7) 

SB = SR sin 8 SB cos 8 

which reduce equations (8) and (9) to 

SR" = H Q(t) (10) 

SB" = H I(t) (11) 

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 

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 
mc. and is transmitted as a vestigial sideband 
signal. With proper design of the transmission 
path, quadrature components in both the SR and SB 
signals as detected may be eliminated. 

Good results may be obtained by making SR 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 
(Sv) and the double sideband component (SD) are 
located 33° in advance of the phase of the SR and 
SB components of the gubcarrier, 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 9 with the 
SD axis, so the heights of the steps applied to 
the Sv and SD channels are H sin 8 and H cos 6. 
Let the unit step responses of the Sy and SD 
channels (Figure 3b) be Iy(t) and ID(t) 
eigure 3c). Since there is 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: 

Sv = H sin 9 Iv (t) 

SD = H cos e TD(t) . 
and 

(12) 

(13) 

Figures 3c and 3d show the S-shaped transient 
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 does 
depend upon the angle it makes with the SD axis. 

26 



For instance, when 8 = 0° the path is a straight 
line parallel to the SD axis and when 8 = 90° 
the path is a straight line parallel to the Sv 
axis. When 09 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 
4 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 Sv and SD directions. 
At normal viewing distance, the subjective 
sharpness of the complete transition approaches 
that of the luminance transition alone. Although 
the SD component of the chrominance transient is 
considerably less sharp than either the Sv 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 law. 
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. 

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 

and 

R' = R1/Y 

G' = G 
VY 

13' = Bi/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 
luminance signal then is: 

YI = .299 11 1 4 . 587 GI 4 .114 B8 (14) 

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 Figure 5. 1 The lines describing the 
surface are the SA ,S13 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 
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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 4., Sg, YI 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 SÀ, Sg and Y1, 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 SA/Y1 and SYY. 

Figure 6 shows the contribution of the color 
subcarrier to the luminance of the receiver color 
point. The subcarrier luminance factor, Ks, 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 Ks and the luminance signal, 
Y', are known, the luminance of the receiver color 
point may be determined from the expression, 
(see Appendix I), 

Y = K Y ,y (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 diffœu 
ent values of Ks 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 Ks. 

The subcarrier luminance factor, Ks, is re-
lated to the chromaticity factor, 4, introduced 
by Applebaum5. One is the inverse of the other. 
Since they are evaluated in different coordinate 

systems, however, a derivation of the expression 
used to evaluate Ks 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 haw it is obtained. In ROB space, we 
construct the unit plane X Y .1. Z 1 and on it 

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 color 
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. 

-I, 
The expressions relating x and y to oB/Y, 

and SUY' 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 (WY', SB/Y1) 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 factor, 
Ks, 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 (x1 yi Y1) and (x2 y2 Y2)-

(a) Plot end points on chromaticity diagram 
of Figure 7 and read off tlite riormalized color 
difference values SUY1, SB/Y , corresponding to 
these end points. 

(b) Plot these end points on the luminance 
factor diagram of Figure 6 and read off the sub-
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carrier luminance factors Ksi and Ks2 for the 
end points. 

(c) Compute the values of Y/ for the end 
points, by substituting the values of Ks and Y 
into equation (15). Us? these values, together 
with the values of SUY , Sg/YI ¿ tep (ai, to 
determine the end points of the transient in the 
s t 
SR, 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 

(c). 

(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 = -1/2 inter-
val, and its final value at any time later than 
t = 41/2 interval. At t • 0, the value of Y1 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 determine 
the chromaticity transient. 

(g) Plot the normalized subcarrier transient 
in Figure 6 and read off the values of Ks 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. MCAdamts data6 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 transient 
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 
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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 6) 
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 
zero. 

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 McAdam6. 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' 1.14 1 0 

-.581 1 -.394 

2.03 

G' 

B' o 1 

S' 

Y' 

(5) 

Given these input voltages, the display device 
produces Panel 7 primary lights R, G, and B 
proportional to the Yth power of R', GI 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 4. 0.587 G 4. 0.114 B 

= 0.299(R')Y 0.587(G')Y 0.114(B')Y 

Substituting the values of R', G' and B1 
obtained from equation (5), we obtain 

Y = 0.299 (1.14 St.4. Y')Y 

4. 0.587 (-. 58]. SA 4. Y' - .394 S1'3)Y 

4- .114 (Y' 4. 2.03 SA)Y 

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

yiyiY = .299 (1.14 SA/Y' 4- 1)1 

4. . 587 ( -. 581 qt/Y 1 + 1 -.394 SyY5 Y 

4. .114 (1 j. 2.03 qleYt)Y • (16) 

We may write this as 

Y/Y 1Y = Ks (15) 

where Ks is a factor dependent only on the 
normalized subcarrier voltages Sk/Y,, and SUY'. 
Ks is the ratio of the reproduced luminance to 
the Yth power of the luminance signal, assuming 
that all constants 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 ' Y' 
and SUY'. 

APPENDIX 2 

Chromaticity Map of Subcarrier Surface  

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

[ R 1.91 
G] = [ -0.985 

0.058 

-0.532 -0.2881 [ X 
1.999 -0.028 Y 
-0.118 0.898 Z (17) 



Since the chromaticity coordinates are given by 

- X - Y  
and z - x.i.y+z 

where x y 4 z = 1, 

we may substitute into equation (17) the values 

X = Y z = Z   
y y 

obtaining 

G 

0.058 -0.118 0.898 (1 - Yx - y) 

(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 

R = YIY (1 4 1.14 SA/Y1)f (19) 

and 

(20) 

Y 

r_. y 

1.91 -0.532 -0.288-

-0.985 1.999 -0.028 

B = YtY (1 .1. 2.03 SyY1)Y 

1 

Equating the values of R and B given by equations 
(19) and (20) to those given by equation (18), 
and solving for I YI and S/Y yields 

lii 
(1.530 x - 0.170 y - 0.201) -0.877 

(21) 

(-0.120x - 0.145y 4 0.128)] 1/1-0•493 

Taxis 

(ILL CI 

E• 
Axis 

(22) 

Note that the factor (Y/Y'1) in the above ex-
pressions is simply Ks. Since contours of this 
factor in the chromaticity diagram have been 
evaluated by Applebaum5 and Livingston7, work 
may be saved by reference to their data. Figure 
7 was plotted using equations (21) and (22). 
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Fig. 4 
Color transient path in RGB color space. 

Fig. 6 
Luminance Factor ( Ks) contours in 

normalized subcarrier surface. 

Fig. 5 
Subcarrier surface in RGB color space. 
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Fig. 7 

Chromaticity coOrdinates in 
subcarrier plane. 
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Fig. 8 
Color transient in 

luminance and 
chromaticity, case 2. 

Note: 1 unit of 
time = 1/8 

microsecond. 
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PROBABILITY DISTRIBUTION MEASUREMENTS 

OF TELEVISION SIGNALS 

William F. Schreiber 

Cruft Laboratory, Harvard University 

Cambridge, Massachusetts 

Summary 

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 distri-
butions on an oscilloscope was built. The 
information content of four subjects was 
measured and found to range from . 24 to 
1.88 bits in a 32-level system. 

Theoretical Preliminaries 1 

If a 
bet of s 
of which 
then the 

message is made up from an alpha-
characters or symbols, each one 
is independent of its neighbors, 
information per symbol is 

H= - P(i)log p(i) 

i=1 

(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 pi(j) is 
the probability of the jth symbol occurrirg 
after the ith, then s 

-:ap i (j) log pi (j) is 
jml 

the information carried by the next symbol 
after the ith and by averaging over all 
the ils, we arrive at the average informa-
tion conveyed by a symbol when the previous 
one is known: 

H m - p(i,j) log pi(j) (2) 

i,jml 

Note that p(i,j), the probability of the 
occurrence of the ith and the jth symbol 
in a pair, is equal to p(i)pi (j). 

If statistical influence extends over 

more than two successive symbols, as is 

often the case, a similar formula holds 
but i then means not the ith symbol, but 
the ith state, which defines the entire 
past of the message having a statistical 
influence on the next symbol. The index 
i is then summed over all possible states. 

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

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 
elementary 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 
30 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. In 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 its 
neighbors. If it were not, the picture 
would not look like anything. In 
addition, in order to produce the 
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illusion of continuous motion, each entire 
picture must be very much like 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 pi(j) ( i near J,indicating 
little change) will be large, while most 
of the pi(j) ( i not near j, indicating a 
large change) will be small. 

The first step of a long-range program 
aimed at improving the transmission effi-
ciency of television, then, is to deter-
mine just what the information reduction 
is. If it is sizeable, then it will be 
worth while to proceed to the next step, 
which is to devise new systems of higher 
efficiency. 

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 
beyondveich knowledge of one of the sym-
bols tells us "almost" nothing about the 
other symbol. As an example, in the 
English language it is said 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 information 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 is at least one-quarter 
of the picture 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 

this is not the way to go about the prob-
lem. It is necessary instead to use 
some less exact but more economical pro-
cedure. Qther workers in this field 
(Kretzmer.4 at Bell Telephone Laboratories, 
Elias at Harvard, Kohlenberg and Cheatham 
at Boston University, and presumably 
others) have measured the correlation 
function of pictures. It was decided to 
measure the joint probability density of 
two symbols, spaced apart by any amount 
in any direction. This parameter, which 
is intermediate both in complexity and 
usefulness between the complete probabi-
lity description and the correlation 
function, requires, for a thIrty-two 
level picture, a table of 32:e ( 02 1024) 
entries for each measurement. Usually, 
five different separations were used for 
each picture. 

One thing that can be done with the 
parameter measured is 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 
cvntains 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 H(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 is the average of the en-
tropies 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 
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one must be reduced. 

The correlation function, on the 
other hand, supplies an upper bound on 
Rx (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 H(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 tnan that obtained 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 is 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 fixed 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 microseconds) 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 equalizer to compensate for 
the inevitable phase and amplitude dis-
tortion. Constructing such a system is 
a task nearly as complicated as this 

entire project. - 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 fixed 
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-orîler probability distributions. 
Kretzmer', in his device called a 
Probabiloscope, 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 
Rogers5 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. A 
fairly standard method is to pass the 
signal through slicing circuits and 
measure the proportion of the total 
scanning time when the signal isethin 
a certain amplitude interval, and slowly 
scan the interval through the full range 
of signal amplitudes. 

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 is a representation of the desired 
probability density p(x,y) where x and y, 
the amplitudes of the two signals, are 
represented by horizontal and vertical 
deflection, and where p(x,y) is propor-
tional to the brightness of the screen 
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at the point (x,y). This comes about 
since the brightness is proportional to 
current density, which in turn is pro-
portional to the fraction of the scan 
time during which the electron beam is 
in the vicinity of the point. The beam 
is so deflected whenever the two signals 
have the pair 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 scanning 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 variety of pic-
tures, rather than very precise informa-
tion about a particular picture. 

Description of the apparatus  

The operation can be understood by 
reference 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 is produced 
thereon by means of synch and sweep gen-
erators, which for convenience are syn-
chronized with the power line. On account 
of the short persistence, only one spot, 
roughly the size of the electron beam, 
is illuminated at one time. The raster 
is focussed by the projection lens on two 
identical 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 is 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 is a video 
signal. 

In the apparatus, one of the trans-
parencies is 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-

vision is made for the second trans-
parency to be moved along the optic 
axis. By making use of all these 
adjustments, it is possible to project 
rasters of the same size and focus on 
each transparency, and to have the 
transparencies oriented identically 
with respect to the projected rasters, 
so that the same point of each picture 
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 is 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 this 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 brightneseis proportional 
to the second-order probability dis-
tribution of the two signals, as already 
explained. 

The brightness of the screen is 
measured with a Photovolt 520M Multi-
plier Photometer. The search unit of 
the photometer is mounted over the 
center of the screen, and is shielded 
from itty 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. Stepping relays 
facilitate rapid translation of the 
pattern past the holes by moving the 
centering controls a fixed amount each 
time the relay is energized. The steps 
are adjusted so that the entire pattern 
is covered in about thirty-two steps 
each way, or about 1000 readings in all. 
A second pair of solenoids causes the 
controls to return to extreme counter-
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clockwise position when energized. 

Monitoring 

As a check on the operation of the 
system, a picture monitor is used. This 
is a commercial television receiver with a 
ten-inch tube, modified so that its sweep 
generator is synchronized by the same 
pulses that trigger the scanner sweep gen-
erator, and so that the output of the 
monitor video amplifier is applied to the 
grid of the picture tube. This signal is 
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 is usually done, their relative 
amplitude may be adjusted, so that if the 
two pictures 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 probability pattern as it appears on 
the recording scope. The subject was 
the standard 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 piétures and 
the RNA 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. 

When the two pictures under test are 
in register and if the apparatus were 
perfect, the recording scope pattern 
would be a 45 0 line, because the video 
signals would be identical. In this case 
the conditional entropy would be zero, 
which is reasonable since no information 
is conveyed by a message known to be 
identical to a previous message. In our 
case, however, the pattern corresponding 
to zero displacement is a spread-out 45' 
line, and the entropy calculated for this 
case is not zero, but is something over 
two bits ( the maximum conditional entropy 
for a pattern of 32x32 points is loge 32 
= 5 bits). This is a measure of the dif-
ference in the video signals. 

When the pictures are out of regis-
ter, the probability that the two elem-
entary areas being scanned at any instant 
have equal brightnesses decreases, and 
the 45 0 line spreads out farther. This 
causes the measured entropy of the pat-
tern to increase since the change is in 
the direction of equalizing the density 
in the various parts of the pattern. 

It is apparent that the measured 
entropy is a function of both the signal 
and the noise. There is 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 exhibit a wide range of complexity 
(and hence of entropy) and that as a re-
sult exact measurement of the entropy of 
a particular picture 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 is 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 is thermal emis-
sion from the photo cathode, temperature-
limited as in a temperature-limited 
diode, when operated under the conditions 
used in this experiment. The second 
assumption is not so obvious. Certainly 
the first-order distribution of the sig-
nal is not gaussian, since some pictures 
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are mostly black, some mostly white, and 
some have a fairly even distribution of 
grays. However, the conditional distri-
bution is similar to a 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 is 
most probable that two adjoining cells 
are equally bright, and the greater the 
brightness difference, the less likely 
the occurrence of such a pair of cells. 
Figure 5 shows the similarity between a 
measured distribution taken at random 
and a 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 is good, since 
although the rms value of the noise does 
in fact depend on the level of the signal, 
the two nevertheless have zero correlatiaa 
since the instantaneous value of the noise 
is independent of signal amplitude. 

On this basis the computation is 
straightforward: 

If 

then 

D = S + N 

.2 
= " S' ,- N' 

(1) 

where D, S, and N 

refer to the data, the signal, and the 
noise respectively, and a- is the standard 
deviation. For any first-order normal 
distribution 

H = log2 1/2neCr bits per sample 6 ; (2) 

hence 22HD = 21[e(a+ 

1 and Hs w ulog2(22HD-

= 2 2HN+  22HS 

(3) 
2H 

2 N) (4) 

This relation, which applies to any 
first-order distributions D, S, and N, 
conditional or unconditional, and to the 
corresponding entropy Hs, 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 HN, which 
is done by measuring the entropy of the 
data when the pictures are in register. 
In this case, Hs = 0 and 

1  0 = rlog2(2 2HD (0) - 2HN  

giving 

2211N 2H ( 0) 
= 2 - 1 

(5) 

(6) 

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

1 
2HD 2HD (0) 1) 

(7 ) 
Hs = 71°42 - 2 

If HD is taken at one Nyquist interval 
separation, then Hs becomes H(y) since 
x and y are then adjacent elementary 
areas. 

In the computations, a smooth curve 
was drawn through each plot of HD vs 
separation, the value of the ordinate at 
zero separation being taken as HD(0) and 
the value at one Nyquist interval as 
HD (1) 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: 

Subject 

1 
2 
6 

13 
S2 

bits 

.77 
1.88 
.57 
.24 
.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 is uncorrelated, and 
adding one bit for each binary digit 
above 5. This would be the case if the 
signal-to-noise ratio were 32:1, for 
example. 

Kretzmer7 obtains for 11,(y) in 6 bit 
system, an average value of Iabout 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 said to be 
in consonance. 

Applicability to Practical Systems  

The results of this and similar 
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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. 
While there are immediate commercial ap-
plications of such a reduction if it could 
be instrumented in a simple manner, work-
ers in the field 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 sample in the previous 
frame could be included by measuring 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 (20.16 
megacycles, to be precise). The frequency di-
vider chain, on the other hand, takes the 31.5 
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 

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 
Volume 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 
correspónds 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 i .001 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 
4SNA1A1 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 one 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-c 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 ± .001 H. 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 

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 0.1 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 SYSTFUS 

Donald C. Livingston 
Sylvania Electric Products 

Physics Laboratories 
Bayeide, 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 a 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 numerical 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 scanned. It is regard-
ed as furnishing a light signal with tristimulus 
valuesl 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 ER ,En ,ER which, 
to an acceptable approximation, 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=EG=ER 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 

ER YEvER are transformed into signals suitable for 
modu ation onto an rf carrier. This transforma-
tion is carried out 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 EL and two color-difference si¡Fig 
SR and SR. The color-difference signals are mod-
ulated at quadrature onto a uubcarrier to form a 
chrominance signal. Finally, the chrominance sig-
nal and the luminance signal are added together 
to form a color picture signal which is then amp-
litude modulated onto an rf carrier in the usual 
manner. The luminance signal is equivalent to 
the ordinary video signal in monochrome televis-

Inc. 

ion and will be interpreted as such when the 
color picture signal is displayed on a monochrome 
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 recovered 
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 
are capable of eliciting from the color kinescope 
a luminous response with tristimulum values 
Ri,G 1,Bi which are equal to R,G,B or to some 
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 kinescopes 
follow power-law characteristics of the form 

Y = aE r (1) 

over a range E,, < E < Emex which is sufficient-
ly wide that sreiai 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 
r are constants, the latter being called the 
gamma exponent for the kinescope. The numerical 
value of 'r has been found experimentally to be 
approximately 2.2 for a number of color kinescopes. 

It follows that the decoder output signals 4,4, 
E; in Fig. I should be arranged to be equal, as 
nearly as possible, to Ex" ,Ee ,Ee . There ap-
pears to be one simple way to bring this about 
rigorously, viz., by letting EL,SR,S13 be linear 
combinations of Ee ,E" ,E 11' so 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 
signals meeting this requirement can be shown to 
be2 

EL = .299 Ee + .587 EGVI- + .11h Eir 

SR = Ee - 

SB = Ee - E,11 , 
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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 ford4 

wherein 

EL = 
EY (3) 

Ey E .299 ER + .587 EG + .114 EB (4) 

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 Et 
is no longer a linear combination of Eee,Ee,EB7r, 
it is not possible to recover these quantities 
exactly. However, EYkras given in eqs. (3) and 
(h) differs only slightly from E; in eq. ( 2a) ex-
cept for saturated colore, 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 relations 

Er; = EL+ SR 

• = llli EL - SR -299  SB 

E; = EL + SB . 

It is readily established2 that when EL=E;, 

= Ee = Ee = EB  

whereas when EL = 

• Edr+ AEI 

• n Ee+ AEi 

E; Ee+ LSE" , 

in which 

°Ey (8) 

The analysis of the systems will still require 
that the proportionalities between R,G,B aud 
ER ,EG,EB be known and that those between ER ,EG, 

E" and RI,GI,B 1 be known. It can be shown that 
e desired relations are2 

_ R G 
EG 

and 

EB - .453 (9) 

Rs .286nE; Gs = .261nE Bt = .4534 (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 terme 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 

F Li 
n/ 

and called the Luminance Fidelity. The luminance 
of the subject being scanned is Y, and that of the 
reproduced image point on a color kinescope is 
Yl. Since Y and Ys are intended only to be pro-
portional rather than equal, it is useful to des-
ignate the desired relation as Y1 = ny, with n 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. 

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

ar E rs - r Ag E gl - g Ab E bs - by (12) 

in which r,g,b and ri,g 1,11 1 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 
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given system, it will be necessary to deduce rela-
tions for Y and YI in terms of R,G,B. These can 
be shown2 to be 

Y m .33R + . 71G + .08B (13) 

and 

ttrl 
Yt = .316n f.299 E; +. 587 EnYG + . 11h EB fy (1h) 

wherein EE,E; are related to R,G,B through var-
ious of the preceding equations. The quantity n 
in eq. (1h) is the same n appearing in eq. ( 11). 

Now with E;,E,E; given by eqs. (6) for the EL = 
system and by eqs. ( 7) for the EL m Er system, 

the Luminance Fidelity F in eq. ( 11T is immediate-
ly calculable. The results, for r 2.2, are 
shown in Fig. 2 for the Ee system; it is seen 
that F m 1 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 chromatic-
ities. On the other hand, F is exactly unity 
over the entire chromaticity gamut in the F4. aya-
tern. 

To determine the Chromatic Distortion Components 
for the two systems, one must use eqs. (6) through 

(10) in ens. ( 12). The result for the E. system 
turns out to be that re gm be 0;that is, there 
is no chromatic distortion. Thus, it is seen that 
the El system appears 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 as finely as it does lum-
inance detail. Thus, the above considerations on 
color fidelity are applicable only to large-area 
color detail. 

Vr 
Evaluation of eqs. ( 12) for the.ELIN Ey system 
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 forme of chromatic distortion 
which occur in this system, so the distortion can 
be expected to be much 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 
differences between pictures formed by the Ef and 

systems. 

Monochrome Luminance Fidelity 

Closely related to color fidelity as described 
above is the response of a receiver to the lum-
inance signal alone. This refers, for example, 
to the reproduction of luminance 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 a 
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 parameter to be introduced to measure 
this property of the system will be called the 
Monochrome Luminance Fidelity Fm, and it will be 
defined as 

YLm 
Fm E 71 , 

in which YLm denotes the luminance displayed on a 
monochrome receiver when the subject luminance is 
Y. Ideally, YLm should equal nY, so that proper 
monochrome luminance fidelity is indicated by 
Fm = 1. 

It can be shown2 that 

.316nEj, (16) 

so that eq. (15) can be evaluated with the aid of 
eqs. ( 9), (13), and (i,6) together with eqs. ( 3) 
and ( h) for the EL= Eesystem or with eq. ( 2a) 
for the EL = E.11 system. The result of this eval-
uation is shown in Fig. h for the Ef system. It 
is seen that Fm 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 appears 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 Y' = 2.2. 

The significance of Fig. J 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 color-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 auf-
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 
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variations, too, will be too small if EL • Fd; 

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 • 

Evaluation of eq. ( 15) for the EL = Ee system 
leads to the result Fm 1, which means that col-
or picture signals using this luminance signal 
will not only lead to correct luminance display 
on a monochrome receiver but to better rendition 

of luminance detail an a color receiver than for 

the EL w E system. 

Constant-Luminance 

There are a number of reasons for the desirability 
of designing the NTSC color television system so 
that variations in the chrominance 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 considerably 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 paramet-
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 

YL 
K = 

yt ' 
(17) 

in which Y is the luminance reproduced by a color 
television receiver in the absence of the chromin-
ance signal and is equal to YLm for the system be-

ing considered. Thus, through comparison of eqs. 
(11), ( 15), and ( 17), one can write 

K Fm 
F 

(18) 

permitting K to be computed from previous 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 1" is unity, no satisfactory way appears 

to be available for arrangement of a system where-

in r 41 1 so that K can be unity for all chrome-
ticities. When eq. ( 18) is evaluated for the 

andEe systems with 1" at 2.2, F and Fm values 
being obtained as previously described, the re-
sults are as shown in Figs. h 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 W r system approaches somewhat closer 
to the ideal than does the Ef 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 

_ EY'r ( 8Y. 
= -77)max ' (19) 

in which E R+G+B is the total tristimulus 
value of the subject color, Ao is the amplitude 
of a spurious signal in the chrominance channel, 
Y1 is the displayed luminance in the absence of 
the spurious signal, and SY' is the change in 
displayed luminance due to the effect of the 
spurious signal. The ratio ( EY'/YO me, in eq. 
(19) is the value which results when the phase 
of the spurious signal is such that (5Y , is max-
imized at fixed Y'. In practice, it is of greet-
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 signal in the chrominance channel on 
the reproduced picture. 

Values computed for L by eq. ( 19) are shown in 
Figs.6 and 7 for the El, and Eesystems, respec-
tively, the value 2.2 being used for the 
gamma exponent. It appears that the Sesystem 
is considerably less susceptible to spurious îig-
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 withEL = E. and with EL 
may be compared. In the course of subjective 
experimental tests of the two systems, it was 
noted that the picture produced on a monochrome 

receiver by a color picture signal was consider-
ably more noisy when EL w E. than when EL w 
It can be shown quite readily that the observed 
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 a color picture via 
the luminance channel of a color receiver. 

When the displayed luminance Y;. due to the lumin-
ance signal alone is perturbed-by an amount SYL 
through the effect of noise from all possible 
sources, it results that the perceptibility frac-



time P [EL] a8y 
luminance signals 

and 

/ associated with use of the 
Land Er are6 

=A-  SER .8EG 
P[4] = .299 E,T — r +.587 Ed --y 

Ey Ey 

4-1 SER SEL 
+ .11/4 EB 

Ey Ey 

(20a) 

SER SEG SEB EL 
14411 

(20b) 

respectively. In eqs. (20), the quantities SER, 
SEG, SER, and SEL represent spurious perturba-
tions in the red, green, and blue camera output 
signals and in the received luminance signal, res-
pectively. Several specific conclusions may be 
drawn from eqs. ( 20). First, suppose that only re-
ceiver noise is present. Then 

*4] Ee 

P[Ee El 
(21) 

It follows that P[El] > P[E] in this case since 
Ei* > El. For saturate a colors, this ratio can 
read rather significant proportions, as can be 
seen in the extreme case of saturated blue, for 
which case the ratio become 3.3 for "1" In 2.2. 

Next, suppose that only red and blue camera noise 
are present, and consider a color close to the red 
primary, so that El Q.299 Eer and Ey .299 ER. 
Then 

SER .1]4 (EB) 14E418E5 -  

P[41 ER .11It ( EB 8 EB 

7-9-9 

(22) 

from which it is obvious that the perceptibility 
ratio approaches unity if the red noise predomin-
ates ovpr the blue noise, while it approaches 

> 1 if blue noise predominates. An-
altigous 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 
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every case, to the conclusion that noise from any 
given source is more perceptible when El is used 
as luminance signal than when Ee is used. There 
exist no cases in which the noise susceptibility 
of El is less than that of Ee 

Summary and Conclusions  

The preceding discussion has demonstrated that it 
is possible to predict theoretically the prop-
erties of color television systems using lum-
inance signals of the forms er and e,respec-
tively. It has been indicated that the system 
with E Ee is superior to that with EL • El 
in respect to constant-luminance adherence, 
monochrome luminance fidelity, and perceptibil-
ity of noise in the luminance signal. It is 
slightly inferior in color fidelity, but it has 
been judged through experimental tests with the 
two systems that 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 ( ersc), 
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 

1 
Equipment desoribed in this paper has been 
built for the "old" subcarrier frequency 3.89 mc. 
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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 
Svar. The signals (or signal portions) the phase 
difference of which is to be determined be Sx1 
and S. The output Svar of the phase shifter 
is first added to Sx1 and the sum is displayed on 
an oscilloscope (or measured in some other way). 
Phase and amplitude of Svar are varied until 
cancellation occurs and the position of the phase 
shifter al noted. The same procedure is repeated 
for Sx2 with a reading a2 on the phase shifter 
dial. The phase difference between Sx1 and Sx2 
is then given by - a2). 

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, 

FLVArI the phase of which varies continuously 
witfi7the 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 kc = 10 x line 
frequency was used.) 

2. Converter (Figure 3) - The output F Lvar 
of the phase shifter heterodynes a frequency FH 
of constant phase, so that after several ampli-
fying and filtering stages, we obtain a subcarrier 
voltage Svar, the phase of which varies according 
to the phase of FLvar. The frequency FH is ob-
tained by mixing a subcarrier wave of constant 
phase, Scon, with a low frequency wave of constant 
phase FL,„. 

3. Adder (Figure 4) - In the adder, the 
output Svar of the converter is passed through an 
amplifier with variable gain and added to the 
reference signal So. The sum is displayed on the 
screen of an oscilloscope. Amplitude and phase 
of svar are adjusted to obtain cancellation. So 
and Svar are 180° out of phase relative to each 
other. This sets the reference angle ac of the 
phase shifter. The same procedure is applied to 
the signal Sx the phase of which relative to So 
is to be measured and the difference of readings 

- ao) on the dial of the calibrated phase 
shifter is the phase difference between Sx and So. 

It has already been mentioned that in practi-
cal cases, the reference signal So 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 Svar 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. 

4. Calibrator (Figure 5) - The amplitude of 
the phase shifter output FLvar is theoretically 
independent of its phase and the phasor repre-
senting FLvar 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 FLcoe and the output F Lvar are each put 
through multiplying channels. The 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 kr (k being any integer). 
These phase differences correspond to knin 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 (es 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 Soon 
works its way through from C to D in Figure 3. 
Figure 6 illustrates the resulting phase error. 
By careful design, the ratio of Scon to Svar at 
the output has been reduced to approximately 
0.3%. This corresponds to a maximum phase error 
of approximately 0.20. (See Figure 6.) 

Gain variation in the S channel must not ar 
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 positions 
of the various signal portions can be identified 
by using the switch S2, so that the input is 
directly displayed. Figure 7 illustrates 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 . 50. 
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(1) video signal; ( 2) video signal through high-pass filter (= chrominance signal); 
(3) picture after adding subcarrier to ( 2), in order to cancel the "burst". 
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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 is 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. What 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. One form of vector 

display has been described by Dr. 
Schlesinger and Mr. Nero of Motorola. The 
vector display to be described in this 
paper is a somewhat different arrangement. 

Figure 1 

Figure 2 shows the specification of 
the color subcarrier component of the 
National Television System Committee sig-
nal. Examination 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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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 operate in 
time quadrature. The outputs of the 
demodulators then go through low pass 
filters which remove residual color sub-
carrier components to the vertical and 
horizontal plates of the cathode ray 
oscilloscope. 
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Figure 4 shows a colored bar pattern 
and below it the phasor display which we 
obtained with the arrangement which we 
have shown in the previous slide. If 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 phaer 
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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Well, 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-
zontal 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 
sinusoical 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 
and vertical plates of the oscilloscope 
and properly adjust the gains, the 
resultant pattern will be a circle. If, 



we in addition periodically reverse the 
phase of the signal input to one of the 
demodulators by 1800 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 is not correct. 

GAIN CORRECT l%1 • 90 GAIN CORRECT hl / 90' 

GAIN INCORRECT tk • 90' GAIN INCORRECT klk / 90' 

Figure 5 

Figure 5 shows the appearance of 
this test pattern for various conditions 
of adjustment when we are using the 180° 
phase reversing scheme. In the upper left 
hand corner we have the case where the 
quadrature relationship is correct, the 
oscilloscope gain has been properly ad-
justed so the resultant pattern is a nice 
single circle. In the upper right hand 
corner we have the case where the oscil-
loscope gains have been adjusted properly, 
but the quadrature relationship is not 
correct, and our test pattern has 
degenerated into a pair of crossed 
ellipses. In 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 is an ellipse with a horizontal 
major axis. Here in the lower right hand 
corner we have the case where everything 
is 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 is an accurate test 
only if we assure that the 180° phase 
reversing amplifier is reversing by 
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exactly 180°. Fortunately it is easy to 
check the lee 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 is zero producing 
the straight line which goes from lower 
left to upper right and the 180 0 phase 
reversing amplifier is reversing by exactly 
180 0 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 producing 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. In the lower left hand corner 
of the slide we have the case where the 
relative phase shift between the two 
channels is hot correct producing an 
ellipse going from lower left to upper 
right, but we know that the phase revers-
ing switch is reversing by 180 0 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. 
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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 low-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. In 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. 
In addition the switching signal is 
applied to the video signal amplifier so 
that it is turned off whenever the switch-
ing amplifier is in the 1800 position. 
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 it would be nice to have some 900 
electrical phase markers incorporated in 
the system for checking possible quadratum 
errors in the oscilloscope itself. To 
accomplish this we take the 10 TÇc beatnote 

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 ;Çc rate during the 
time when the test signal amplifier is also 
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 circular 
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 coincides 
with the center dot of the display in-
dicating that no spurious subcarrier sig-
nals are being radiated during white or 
black. 

Figure 8 

Figure 9 shows the phasor diagram 
produced by the complete equipment when 
things are not so good. The calibrating 
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. 
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Figure 9 

Since this equipment 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 equipment provide its 
own signals from the color video signal 
input and here shown in figure 10 we have 
the arrangement for the final form or the 
equipment. The synchronous amplifier, the 
synchronous demodulators etc. are the ones 
that were shown in the previous slide. In 
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 gatine 
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pulse for the locked oscillator 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 generator. 
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 colored slide 
which was photographed again from the 
dichroic monitor and below it the cor-
responding display produced by this 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 mail 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 I would like to express 
my appreciation to Mr. B.D. Loughlin who 
conceived the idea and arrangement of 
this equipment, 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 DESIGM OF AUDIO CONSOLES FOR TELEVISION 
by 

Robert H. Tanner, B.Sc. (Eng.) 
Audio Engineer 

Northern Electric Company Limited 
Belleville, Ontario, Canada 

During the past 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 design of specific T.V. audio 
consoles. In presenting yet another paper in 
this series, it should be explained 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. Needles3 to say, private stations 
are considerably 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 would like to take this opportunity 
of expressing our thanks to Messrs W. A. Nichols 
and W. C. Little of the CRC 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, 
may 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 provided on the 
inputs and outputs of the 5 programme amplifiers 
to allow rapid changeover in the event of an 
emergency. It has frequently been stated that 
more input facilities are reouired for 
television work than for normal sound broad-
casting; this console makes provision for 24 
inputs, apart from 4 remote lines, and 10 
pre -amplifier 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 5, 4, 
and 3, resnectively. The two right-hand 
channels are equipped 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 several microphones picking 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 programme chain of the 
console. However, a feature which is believed 
to te unique is the provision of two auxiliary 
programme amplifiers, which, by means of 
selector switches (mounted on the right-hand 
panel) may be connected across the output 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 amplifiers 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 ore- amps 
are connected to the same mixinebus. It is 
thought that this feature will te extremely 
useful in many ways, two of which may be 
outlined here. It is generally agreed that 
television operation frequently renuires 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 programmea 
incoming on a remote line. With the arrange-
ments incoroorated 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 
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the output of the auxiliary amplifier to a 
monitor amplifier feeding a studio loudspeaker. 
The signal may simultaneously be fed to the 
main programe 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 caneras 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 all 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 auxiliary 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 provided, one affecting 
the treble end of the spectrum, the other the 
bass. In each case five different frequency 
responses are available. In a projected re-
design of this equipment, it is proposed to 
make this sound effects filter work at microphone 
input level and imedence, 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 
associated with the two auxiliary amplifiers. 
In addition, controls are provided for the 
operator's head set and monitor loudspeaker, 
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 programme and 
auxiliary amplifiers. In the case of the two 
latter a change in one feed-back resistor gives 

the additional gain required in this position. 
The associated monitor amplifiers and power 
supolies are mounted elsewhere in order to 
avoid any heavy PC 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, 
etc. 

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 reouired, 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 coltune indicator) thus allowing 
as many as ten low level inputs 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 buses 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 number of important uses. For example, the 
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monitor amplifier which is supplied with this 
equipment possesses 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 loudspeaker 
in the studio, end at the same tire 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 complete facilities are nrovided 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, regardles3 of the 
position of the line selector keys, unless of 
course one line is actually transmitting the 
programme. Ulth the key in the upper position 
the direction of transmission is reversed, and 
all four lines are connected to the input of 
the monitor amplifier giving a "multiple over-
ride" condition. Placing the key in the lower 
position gives " selected over-ride" from which-
ever line has been selected by the line keys. 
Under these circumstances, the programme 
input 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-hack 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 net-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 is 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 
installed as required, provides announcer 
control of one pre-amplifier channel. Since the 
changes involved are very simple, it is possible 
for a 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 components. Figure 9, which 

shows a front view of the console with the 
panel opened, 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 and line 
amplifier combination is connected to channel 
2, thus giving full double channel working. 
'No monitor amplifiers are also provided, 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 channel 1 
and channel 2 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 programme. 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 power 

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 between 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 
assistance in preventing very low frequency 
motorboating when several amplifiers with good 
low frequency responses are connected to the 

same power-supply. 

It is hoped that this short paper will be 
sufficient to give at least an outline of the 
trend of thinking 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 

Allen R. Kramer and Edwin R. Kramer 
Kramer, Winner and Kramer 

Architects and Broadcast Engineers 
33 W. 42nd St. 

New York 36, N.Y. 

SUMMARY- An analysis of a practical, 
master plan for the organized development 
of a typical 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 and 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, availability of utilities, 
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 going to design the 
building. It is also important to con-
sider the following: accessibility, 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 is wise to buy 
at once a piece large enough for all fu-
ture requirements. The attempt to buy an 
adjacent piece 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 that TV 
is a magic world where limitless funds 
are available and any price will be paid. 
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 itself 
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 a discussion about 
the future of TV. That word is expansion. 
Everyone agrees that expansion will be 
necessary, but there is a concept which 
is mentioned less frequently and which is 

even more important. That concept is 
flexibiliti, and it implies not only the 
possibilfty 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 a TV station should be ori-
enued 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 building. 

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 building. 
Control of this complicated traffic is 
essential and to a large extent this has 
determined the form of the building. 

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 brouglt 
into the storage and workshop aren from 
the left and eventually are moved onto the 
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 studio 
area from the right. Costume storage is 
located with the dressing rooms. The lay-
out also reveals that nowhere can per-
formers and control room technicians in-
terfere with each other. All the control 
rooms are located above. 
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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 auditorium 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 mobile 
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 is 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. Immediately 
adjoining is the TV master control and 
shop. Directly across the hall is the film 
bloc. It consists of a fireproof film stor-
age room, preview room, processing and 
editing group and the actual film 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 roam 
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 it 
was usually impossible to see large areas 
of the studio because 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 studios and in 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 is de-
voted to radio broadcasting facilities. 
The master control room overlooks one of 
the large TV studios for those occasions 
when a program is broadcast by both TV and 
radio sections. This studio is also avail-
able for certain radio broadcasts such as 
a large choral group or an orchestra. In 

addition, there are three other broadcast 
studios including one 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 
is the recording studio which immediately 
adjoins the record library. The news room 
which will dispense material to both radio 
and TV is 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 is 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 is elab-
orately zoned, only those areas which call 
for heating, cooling, or ventilation, are 
supplied with such facilities. Heat drawn 
from lights and equipment is used in cold 
weather and exhausted in summer. 

While mechanical air conditioning 
will be a necessity in most climates, it 
is 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 is 
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 
is recirculated by the air conditioners. 
Shade-producing planting aids in the re-
duction of outside 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 included, and the 
plant operates perfectly without it. At a 
slightly earlier stage, the building could 
exist without the administrative wing. This 
is shown in Fig. 5. During another period, 
only the two large studios would exist 
without the set storage area; one large 
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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. 
mobile 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-
granning 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 radio control room gains the use 
of the very large TV studio when this charge 
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-
ions, a lecture or a political speech. 

Radio engineers are accustomed to pre-
cision, 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 are bonded together so in-
separably that they cannot be moved without 
being destroyed. Since most building mater-
ials 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 serious dis-

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 complete dis-
ruption of facilities 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) 100% 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 buildings. 

The use of one of the several panel 
types now available is illustrated in Figs. 
9 to 12a. 

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

A cut-away section of a wall panel 
iseown 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 is often used. Any degree of sound 
absorbency can be achieved in a room built 
of these panels, i.e., a wall which re-
quired 50% treatment would be composed of 
perforated panels alternating with solid 
faced ones. Where careful sound insulation 
of adjoining 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 
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or not as the occasion demands. Here we 
have one material brought to the site com-
pletely assembled and acting 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 auditorium. 

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, telephone, 
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. 

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

Fig. 1(a) - Top view of radio-TV structure. 
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Pig. 6 - Building in first stage of construction. 
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Fig. 10 
Cut-away section of perforated panel, filled 

with fiberglas for sound absorption. 

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, 

New York, New York 

Part I 

With the advent of nation-wide commercial 
television operation during the Mid-Forties and 
its immediate acceptance by the Public, 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 500 feet. Because of 

these limiting factors, the service provided tz' 
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, 
KLCA-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 
law-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. 

Inc. 

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 19° 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 5°, 90 and 1140, before reaching the 
first null of the three-bay. 

Figure 4 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, 
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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 4 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 fill-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 have 
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, 

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 9.50 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 
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the following field ratios and phase relations 
between the elements of a modified six-bay an-
tenna for Mount Wilson: 

TABLE I 

MODIFIED 6- BAY SUPERTURNSTILE ANTENNA  

Bay Field Ratio Phasing-Degrees 

1 ( Bottom) 1 -35 

2 1 - 5 
3 2 o 
14 2 
5 1 
6 1 

430 

4-35 
4.65 

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 2.50 below the 
horizon, so that a maximum amount of energy is 
Urected 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 efficiency. 

The redistribution of energy results in de-
creasing the gain of the six-bay antenna structme 
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 permitted 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 enough 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 o 
3 1 o 
4 1 o 
5 2.4 -3o 
6 2.4 -3o 
7 2.4 +30 
8 2.4 43o 
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 
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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 12low 
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 
WAKR-IV 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 IFU-214-11M 

(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 our VHF 
illustrations. 
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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 
requirements are met by the ring seal type of con-
struction which is now used almost universally in 
the higher power tubes intended for TIF 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 
CI and output capacitance Co resonated by exter-
nal inductances LI and Lo 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 If in 
the input circuit, its loading must be equivalent 
to a shunt resistor RI where: 

R, 
2rr ac C, (1) 

The effective output loa' l resistance Ro 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-
teristicsl , 2. The resistance determined in this 
way will generally be less than   so that 

2 e te 

the output circuit bandwidth will be adequate. If 
this is not so, then Ro 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 
Eo required to give the maximum power output W, 
can be determined in the conventional way. The 
power gain at bandwidth àf is then Wa divided by 
E2 

2.1R, 

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 4W20000A tetrode as shown in 
fig. 2. The load line OS has been drawn to show 
the downward 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 480 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 = 
4875 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 quite 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 OS, OB the following data 
can be computedl, 2. 

Sync Level 
Anode current - amperes 

Peak rf 
Peak rf fundamental 
DC 

Anode power - kilowatts 
Input 
Output 
Dissipation 

Peak rf grid voltage 

Output load impedance 

23 
10 
6.4 

51.2 
32.5 
18.7 
350 

6500 650 

Black Level 

17 
7.6 
4.78 

38.2 
18.2 
20 

280 

ohms 
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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 R1 = 255 

RF driving power at sync level 

Power gain - ,25°° - 136 
240 

Input Circuit Loading 

ohms 

3502 = 

2X255 
240 watts 

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 ( h) 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 elaborated 
to show the grid and cathode lead inductances Lo, 
and Lx 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 CI 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 R1 where: 

R 
(t) LC, y„ 

From ( 1) and ( 2) 

Ato 
L 

Where: co - angular operating frequency 
gm = effective tube transconductance 
aue= 277 ehr 

(2) 

When suitable numerical values for the type 
4W20000A 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 'at 
about 90 Mc. Hence, at low band TV frequencies 
(57-85 Mc), additional series inductance L3 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 leso than LK , 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-
width, and when the loading is increased to offset 
this, the power gain is reduced by a factor C 

C + C, 

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 
Cos . This fraction decreases from unity when the 
ground is at the cathode to zerc, whet the gr-id is 
groundel. 

A Practical Amelifiqx: 

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 produced4 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 4W20000A 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 anode 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 Which 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 shorting block on the cathode 
inductor is determined by the amount of loading 
required on the input circuit. 

Input Inipedance 

The tapping point on the input circuit for 
connection of the input cable is chosen so that the 
latter is approximately terminated by its surge 
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 input 
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, 
when a short length of coaxial cable is connected 
between 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 conventional 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 Sidebrd Re-insertion 

It is an advantage if, in 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 of the 
lower sideband. It can, for instance, easily be 
shown that if an amplifier input signal contains 
only frequencies fc and fc ffli then a non-linear 
relationship between grid voltage and anode current 
can result in anode current components of frequency 
fc - fm . 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 
voltage 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, and 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 
lower 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 
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by the usual procedures for eliminating parasitic 
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 tetrode 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 f9r the maintenance 
of self oscillation is applied°, it is found that 
when the power gain is 5Coscillations cannot be 
maintained below about 200 Mc. The amplifier would 
then be stable at low band TV frequencies, 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 cieuits would be excessive. 
However, it has been shown-f 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 
anode loading. This results in variation of input 
circuit loading whenever the anode circuit is 
adjusted unless special precautions are taken, to 
overcome it. 

Conclusion  

Both theoretical considerations and results 
obtained with a practical amplifier have shown that 

89 

power gains up to 100, at a peak power output 
exceeding 30 Kw, can be obtained in the final amp-
lifier of a TV transmitter using the new high power 
tetrode tube. Variable input circuit loading, 
obtained by means of a variable inductor connected 
between cathode and ground enables 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, three communi-

cation channels must be available. The first of these may be used to 

transmit the scene brightness, the second the degree of colbr saturation, 

and the third the hue or color. For compatibility the brightness is trans-

mitted as amplitude modulation in the usual way. 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-

ing 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) Three color vision is provided and 

needed in large areas. 

(b) Two color vision along a preferred 

locus is provided and needed for inter-

mediate area detail. 

(c) KID 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 

into red, green and blue components., The 

communication problem is that of transferring 

this information from the studio to the receiver 

with the greatest possible efficiency. 

There are two parts to this; the first 

relates to the transmission of the information 

with a minimum of redundancy; while the second 

concerns itself with assuring that only infor-

mation useful to the eye is presented to the 

communication channel for transmission. Each of 
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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 is subtracted from each of the red, 

green and blue color signals. This produces 

three signals representing red minus brightness, 

green minus brightness and blue minus brightness, 

or stated simply the three signals represent R-Y, 

G-Y and R-Y. If these three signals were trans-

mitted to the receiver along with the brightness 

signal, signals corresponding to red, green and 

blue could be recovered by simply adding the 

brightness signal to each 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 R-Y 

to obtain - (G-Y). Therefore it is necessary to 

transmit only signals representing R-Y and R-Y 

along with the brightness signal. 

Redford 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 

information being detected by the eye. There 

now remains the problem of transmitting these 

two pieces of color information with a minimum 

of visibility along with the brightness signal. 

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-

carrier voltage is divided into two parts. The 

first part is amplitude modulated with a signal 

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 

subcarrier until it is least visible. This 

occurs when the positive half cycles of the 

carrier, dots of light, interlace. This fre-

quency is always some integer plus 1/2 times the 

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-

monics of frame and line frequencies. This 

approach also gives a subcarrier frequency of an 

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 
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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 

alower frequency. The fact that the receiving 

kinescope is 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-

ceiver passes frequency up to 4.2 mc. This 

means that wecan transmit the two signals repre-

senting color information in quadrature without 

crosstalk up to a frequency of . 6 mc. Beyond 

this frequency the missing sideband causes the 

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. The choice of 3.58 as a subcarrier fre-

quency is the result of balancing the desire for 

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-

senting color saturation. Conversely the single 

vector can be separated into other pairs of 

vectors at right angles to each other. By 

selecting pairs of vectors other than those 

representing R-Y and R-Y, it is 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-

ness vision with no color sensation. To deter-

mine the preferred locus for the region of two 

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 

1.5 mc could be selected. As a result of the 

tests a preferred pair of vectors were found 

approximately 33 degrees from the B-Y and R-Y 

pair. 

The summarized data comparing 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). Here the average rating of quality of 

color transition from each color to all other 

colors is shown. It is seen that improvement is 

obtained on all color transitions with the 

greatest improvement coming in the region of 
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flesh tones and blues. 

The color locus for the limited bandwidth 

of R-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 R-Y locus is a straight 

line while the 33 degree locus approximates a 

part of an ellipse. The curvature of the 33 

degree locus is caused by the addition of color 

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 vector 

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. The dotted lines represent the path 

taken by color transitions in the direction hav-

ing a frequency response of . 6 mc. Stated in 

another way a color transition from g to p would 

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 if there 

was perfect correlation between the television 

tests and those of Willmer and Wright. 

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 FLEXTRLg 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 intercommunication. Fig. 1 
shows schematically such a system, which can pro-
vide two-way communication between all connected 
locations. The headset and microphone assemblies 
are plugged into jacks in the video control unit 
and the pickup camera. The intercom circuits 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 communication 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 iso-
lating the camera in this manner, the video con-
trol operator and the cameraman can talk to one 
another without disturbing those who must simul-
taneously use the regular order circuit for 
normal communicetion. 

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 bun 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-
dress bus, while the technical director and the 
video control operator will use the amplified 
carbon system. 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 

projection room, the technical director switches 
from the carbon system to the projection roam 
bus. The projectionist has a separate talk back 
circuit to acknowledge 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 is then used only for playback in the event 
that the program requires it. As is the case 
with the single system previously discussed, talk 
back from the studio to the control room is made 
available 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 Fg. 
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 uf the flow of traffic required for inter-
communication 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 system considerations are basic simplicity 
with maximum 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-
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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 director 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 circuits 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-
cuit, 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. A standard 
headset assembly may be plugged into either "A" or 
"B" circuit receptacles. The "C" circuit is the 
carbon system associated with the cameras. A "D" 
circuit, while not an individual system, is an 
extension of the audio 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 circuits can be patched into the intercom 
loudspeaker in the director's booth of any studio. 
The "E" circuit is the studio 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 will 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 11.4 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, during 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 
assistant director may be discussing cues with a 
remote unit by means of the "D" circuit. In this 
way it is 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 is 
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 make a last minute 
music cut, or by the audio operator to pass emer-
gency instructions to a boom man. 

V/ Jr W//VG 

AmPLIFIER 

ICAMERA  CONTROL I  

5ICAMÉRA 
CONTROL 2 

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 unlocked 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 single 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 philosopby, and without requir-
ing modification of any existing installed 
equipment. 
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Fig. 1 - Standard camera chain intercom. 
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CBS TEIEVISION'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 -Holywood television operations. 

This paper describes the philosophy under-
lying the design of the video, audio, and communi-
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 24 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 aelciliary 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 31 acres of ground and contain over 81 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 
rings in the studio building are separated by a 
forty foot ride 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 studio. 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 
shorn in Figure 4 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 fare-
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 switch. 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 roams, 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 
geographical center of the ultimate plant. 

System Considerations  

Figure 6 illustrates in a greatly simplified 
manner 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-way microwave 
link with the local station transmitter site, this 
latter equipment being located on the service build-
ing roof level. 

Master control contains both the first and the 
last elements in the video eaten, namely, timing 
pulse generation and distribution, and trunk switch-
ing of final program signals. The latter function 
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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 may 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 
relay. 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 
relaye located in master control. A method of 
compensating for signal transmission delay 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 
shown in Figure 8, a photograph taken from the di-
rectors position in the control room during a pro-
gram rehearsal. 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 one 
and two preview monitors. 

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 assistants 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 control equipment which may 
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 roam 
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 caneras, 
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 
film 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 switch or relay con-
tacts. The unusual " cross" form of the upper sec-
tion was dictated by the requirement of provid-
ing 128 receptacles in the most compact space. 
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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 14, 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 an 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 spic distribution 
facilities adjacent to the central terminal frames 
and master control terminal facilities. 

The pulse distribution block diagramFigure 
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 channels. 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 

nay be readily connected into the monitor output 
at any time. In addition, a visual monitoring 
indicator is provided for the pulse signals. 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 nor-
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 
paths. 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 arriva 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 delays 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. 

Delay adjustment at Television City resulted 
in total video transmission paths of 1100 feet 
from telecine via studios and return to master 
control. Transmission paths between the present 
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 16mm film projec-
tor, its camera, and associated equipment rack. 
From his normal operating position, the operator 
may 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 
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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 associated 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 
corresponds 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 video 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 one 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 telecipe lines 
are 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-
ple 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 input. Up to four pro-
jectors 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 24 shows the over-all video re-
sponse of a studio from a typical camera input and 
from a remote line input. 

Transmission of such wide-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 audience 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-
tivity and the transmitted picture program mater-
ial. 

Audio and Communication Facilities  

Figure 27 shows the general appearance of a 
Television City studio control room. 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 known 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 
an a circuit impedance of 150 ohms to assist in 
achieving uniform response-frequency characteris-
tics. 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 roam 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-
commodates 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 network which features 
a high degree of isolation between each of its out-
puts. One of the network 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 operator, 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 mans 
of the A or B mixer channels. 

The second output from the network supplies 
a program sample from each mixer channel to sound 
reinforcement selector switches. Any desired 
mixer channel can be reinforced on the studio 
loudspeakers merely by closing the desired key 
switch. Al]. adjustments made in gaining the re-
gular program channel are equally effective in 
controlling the gain of the sound reinforcerent 
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 channels. 

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 scund 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 
accommodates the four reproducer arms, as well as 
two utility mixing positions for sound effects 
microphones or special sound effect devices. 

The sound effects console transmits the com-
plete sound effects portion 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-
tor immediately to the right of the console. This 
is 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, 
far 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-way 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-
trol. When 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 roam should pro-
gram 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. 

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 
communication 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 
channel 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 
loudspeakers. 

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 channel 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. A loudspeaker is in-
stalled in each of the twenty-four dressing roams 
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 at all 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-
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field transmitter employs amplitude modulation and 
operates in the low frequency range between 100 and 
200 kilocycles. 

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 anplified 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-

Fig. 1 
CBS Television City - the studio building at the right houses four one-quarter 

acre studios; the three-story, glass-walled structure to the left is a 
service building housing scenery shops, maintenance facilities, and offices. 

cross unit. Two patch plugs on the lower section 
of the unit are associated with each projector. 
The receptacles on the upper section are studio 
circuits, four such channels 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 connection 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. 2 
The initial unit of Television City, shown 
in the shaded area, is only a small fraction 
of the ultimate plant. Future studio numbers 
have been preassigned to insure an orderly 

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. 
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Fig. 3 
A cut-away view of the studio 
shows the easy accessibility 
shops to studios by means of 

wide set passage. 

floor level 
from craft 
a 40-foot 

Fig. 5 
A cut-away view of the basement level. 
Well over a half acre of floor space 

has been provided for scenory and 
property storage. 
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Fig. 6 
This simplified block diagram shows the 

relationship between the technical 
facilities in the central technical area 

and a typical studio. 

Fig. 8 
View of a studio stage from the director's position in the studio control room. 

Fig. 7 
A view of a studio control room from the 

stage. Note the removable camera ramp. 
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Fig. 9 
Plan view of Television City studio control roam arrangement. 
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Fig. 10 
Plan view of telecine room. 

Fig. 11 
The telecine roam employs a separate film camera with each projector. A standardized rack 

of equipment associated with each projector-camera grouping contains all audio and 
communication facilities, as well as picture monitoring facilities. 



Fig. 12 
The telecine control room contains camera 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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Fig. 13 
A plan view of the Television City master control 
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Fig. 15 
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 communication 

circuits associated with future ,;tudics. 

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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Fig. 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-camera grouping. 
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Fig. 19 
Block diagram of the video facilities associated with a typical film projector. 
The patch croas unit accommodates audio and communication circuits ( see Fig. 35) 

in addition to the video and projector remote control circuits shown above. 
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Fig. 20 - Photograph of typical studio control room taken from the audio area. 
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Fig. 21 
The studio camera control console located 
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 twitching system. 
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Fig. 23 
A close-up of the studio video switching console. The small panel to •ele 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. 

REGULAR 
CHANNEL 

EMERGENCY 
CHANNEL 

8 MC MARKER 

8 MC MARKER 

4 

Fig. 25 
Over-all video response of Studio 33 through master control. 
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Fig. 26 
A view of the stage and audience areas of an audience studio 

showing the pantograph suspended audience picture monitors. 

Fig. 27 
The general appearance of a Television City control room. The 

audio control ccnscle is in the foreground. 
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Fig. 28 

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 communication facilities, the rack on the right contains equipment 

associated with audience sound reinforcement and audience reaction microphones. 
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Fig. 29 
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. 
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Fig. 30 
This block diagram supplements Fig. 29 and 

shows studio reverberation facilities, 
sound reinforcement facilities, and audience 
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Fig. 31 
One of the studio sound effects stations located on a balcony overlooking the studio. The 

sourd effects console is equipped with a clear plastic script and record holding rack 
that does not obstruct forward vision of the operator. 
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Fig. 32 
The interphone system, one component 
of the studio communication system, 

provides telephone communication between 
many involved in the program production. 
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Fig. 34 
Communication to the studio floor manager, 

as well as other studio personnel who 
must be free to move to any part of the 
studio, is accomplished by means of a 
low-frequency induction-field trans-
mission channel. One of the compact 
receiver units is shown in this 

photograph. 

Fig. 35 
This simplified block diagram shows the audio 

and communication facilities associated 
with each telecine film projector. Connection 

of projector to any studio is made by tYe 
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's 

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 

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 un«r these conditions were close to 

calculated free-;pace 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. 
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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 GL-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 46-ohm line coupling, UG-46/17. 

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 corresponding set of rails in 
the transmitter cubicle in conjunction with a 
suitable transfer dolly will eliminate any neces-
sity to lift 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 filamcot 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. 

Magnetic 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 4 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 Rre sizes. The WR 1500A, 15" x 7-1/2" ( RTMA 
type) guide will be used for the three low freq-

uency types and WR 1150A, 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 channel 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 

and an over-load relay should be provided to mon-
itor 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 reauirements and permits the filament to 
operate at the lowest possible temperature with 
beneficial effects on life. 
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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-

ion 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 24.4%. 

Narrow Band Response  

Figure 4 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 techniaues 
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 techniaue involves 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 aver-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 reauired 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 carrier 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 Transmitter Onerating 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 continu-
ous performance capabilities up to 15 kilowatts. 
Thus from any radio-frequency consideration the 
tubes 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. 
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HIGH POWER UHF KLYSTRON AMPLIFIER DESIGN 

Norman 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 aw power over the entire UHF-TV band 
and new designs are under muy 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 paecr UliF 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 commun-
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 law Q reson-

ant circuits. These limitations are so well known 
that there is no need to dwell on them here, except 
to point out haw they are overcome. The klystron 
combines the electronic bunching principal, which 
simplifies the transit time problem, with the 
resonant cavity which largely eliminates 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 and effioiency fall off rapidly as frequen-
cy 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 80% 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 paver 
amplifier klystron. There aro 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.c. heater operation. Random emission 
is not a problem at this power level. The main 

souroe of noise is beam voltage ripple and, only 
the simplest filtering will reduce this more than 

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 and (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 law 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 superimposing 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. control 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 con-
stant. This is an important consideration to the 
power supply designer. Since the cathode current 
is constant, a law 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 amplification 
occurs 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 cavities that can be used but practical 
considerations usually limit the number of three 
or four, although experimental tubes having even 
more have been successfully operated. Klystrons 
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with more than two cavities are called cascade 
amplifiers and are analagous to a multi-stage law 
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 beam 

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 d.c. 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, 
figuratively speaking. Mien 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 law. 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 
about 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 external axial magnetic field 
which can be supplied by a long solenoid 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 often be used to 
optimize gain and power out and to regulate the 
amount 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, hawevor, maximum power output does not 
occur when body current is a minimum. Generally, 
about 10% of the total current is permitted to 
remain 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-

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 performance falls off. 

The resonant circuits used on a tube of 
this type may take one of several forms and there 
are many theoretical 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 aro 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. Once 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 life of the tube. Nor, is any maintenance 
every required. 
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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 maximum gain and efficiency 
the electrical length of the gaps is optimum at 
only one frequency. 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-entrant cavity. The gap 
should be short in terre 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. Milltipactor 

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 
and 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 Varian 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 RTLIAwaveguide. Output coupling is 

adjusted by a moveable short in the end of the 
wave guide. 

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 known 
factors of beam loading and shunt resistance, deter-
mine the external Q, of the cavity. This is meas-
ured 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 
are 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. Throe 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 necessary so 
that the tubes will mcet the following minimum 

performanoe standards. 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 24 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 

power and 32 db low level gain. At 16 kv the law 
level gain is practically unchanged while the high 
level gain is somewhat lower. The fact that gain 
remains almost constant up to about 3/4 of full 

power illustrates very effectively why power supply 
filtering is not a serious problem. 

When all three cavities are tuned to the 
visual carrier frequency of a television channel 
a bandwidth of about 1 1/2 megacycles is obtained. 

The tubes are broadbanded by adjusting the reson-
ant frequency of the second cavity approximately 

to the aural carrier frequerry. 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 tubos 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-
quency. 

With the FCC announcement that a maximum 
effective radiated power of 1 megawatt will be 
permitted in the UHF-TV band it has become appar-
ent that still more powerful amplifier will soon 
be required. With the television in mind Varian 
engineers, at the request of the General Eleotrio 
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 with about seven amper-
es beam current. It will have a broadbanded cathode 
similar in design to that used on the 15 kilowatt 
tube. Since it will be advantageous to keep the 
r.f. drive power at a relatively law level tube is 
being designed with four cavities. This will in-
sure a minimum gain of ho db narrow band and 30 db 
when broadbanded. The addition of the fourth 
cavity will slightly improve efficiency so that a 
value of 40% may be expected at saturation power. 

There are two big problems that will have 
to be solved before a successful tube can be built. 
These aré the collector and the output window. 
There is no theoretical limit to the amount of 
power that can be generated by a klystron. One 
can certainly construct cathodes capable of supply-
ing higher currents and operating at higher volt-
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 content-
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 and it is probable that the first model 
will be tested in 1954. Further technical infor-
mation about the klystrons described here is avail-
able from either the General Electric Co. or 
Varian Associates. 
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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 transmission 
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, 

indicated that high power transmission would be 
of special advantage at these frequencies. It 
is undoubtedly true that in certain areas, well-
suited topographically for 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-
velopment and design of a successful 5 KW UHF 
television transmitter employing a newly-developed 
klystron amplifier tube. 1 Experimental on-the-
air operation of this equipment, together with 
intensive tabe and circuit development, has now 
resulted in the successful commercial design of 
a 12 KW transmitter. This transmitter, in mm-
junction with a new design of high gain antenna,' 
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. 

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. In 
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 dummy 
load. In this design, component accessibility 
has been kept in mind. All cabinets may be 
entered through full-height doors in the rear 
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which are equipped for double safety with door 
interlocks that remove dangerous voltages and 
with door-operated grounding 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. In the 100-watt transmitter 
serving as 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 UHF 
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 than processed to 
remove waveform imperfections and noise, ampli-
fied to the proper level and applied to the grid 
of the r-f driver Woe. 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, 

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 
unusual 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. It'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. 
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Klystron Power Amplifiers 

The visual and aural power amplifiers of this 
transmitter 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.4 
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 also 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 transmitter 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. 

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. In 
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 transmitter 
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 means of quick-connect 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 
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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, for 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 the 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 liquid-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. 

Antenna System 

A very important part of any high power UHF 
television transmitting 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 
"fill-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 it 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 cables up through the center of 
the mast without disturbing the antenna field. 
The entire structure is at ground potential 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 
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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. In the 
case of the five-bay 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 measurements 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 adjusted 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 lin-

(3) 

(4) 
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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, same 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, this would require 40 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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Fig. 6 
Klystron mounted on dolly, ready 
for installation in transmitter. 

Fig. 8 — Five-bay helical uhf television antenna for channel 61. 
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Fig. 7 
Ilystron in transmitter, ready for operation. 



Fig. 9 
Measured vertical pattern of 5-bay 

helical antenna, channel 61. 

Fig. 10 
Measured horizontal pattern for 

5-bay helical antenna, channel 61. 

Fig. 11 - General Electric 12-kw transmitter installed at WHUM-TV. 
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Fig. 12 
Five-bay helical antenna at top 
of 1000-foot tamer, WHUM-TV. 



GAIN STABLE MIXERS AND AMPLIFIERS WITH CURRENT FEEDBACK 

Gail E. Boggs 
National Bureau of Standards 

Washington 25, D. C. 

AhAtract 

Narrow band radio frequency amplifiers and 
mixers may be stabilized by negative feedback 
without increasing the bandwidth excessively. 
A couple using current feedback is described. 
This couple requires only a simple resistive beta 
circuit and may be designed such that the band-
pass 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 may 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 impednce 
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 gain will rise 
considerably at either extreme of the pass band. 
Montgomery2 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-
width will decrease ns the amplifier tubes age 
even though the center frequency voltage gain re-
mains substantially constant. Narrow band ampli-
fiers using voltage feedback require an unusually 
high Q for the tank circuits 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 material 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 avoid 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 

1110 

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 pentode 
tubes the output impedance of the amplifier will 
generally be sufficiently high without feedback 
to present negligible loading of the tuned output 
circuit. Hence, if the bandwidth of a current 
feedback amplifier is determined by the output 
circuit, the bamdpass characteristic will be 
essentiFlly independent of both the feedback and 
the zero feedback voltage gain. 

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 thi's system is derived 
from tie plate current of the second stage. As 
a result, the syster2, may be considered as a 
current feedback couple. 

The nomenclature to be used in the following 
brief analysis 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 quantities are listed as reels. 

A 

Al 

A2 

Af 

An 

al 

bo 

Cl 

02 

egl 

eg2 

= voltage 

= voltage 

voltage 

voltage 

normalized voltage gain of couple 

Fourier series coefficient proportional to 
conversion transconductance 

= Fourier series coefficient proportional to 
the average transconductance 

= return difference 

= grid to cathode capacitance of first stage 

= cathode to ground capacitance of first stage 

= grid to cathode variational voltage of first 
stage 

= grid to cathode ve:riational voltage of 
second stage 

gain of couple without feedback 

gain of first stage 

gain of second stage 

gain of couple with feedback 



ei = variational input voltage 

ek = cathode variational voltage of first stage 

em = variational output voltage 

Ei = maximum value of input voltage 

Ea = maximum value of output voltage 

fm = center frequency of couple in cycles per 
second 

Af = bandwidth in cycles per second 

gm = tube transconductance in mhos 

gm = cnnversion transconductance in mhos 

km = constant proportional to the average trans-
conductance 

kl = constant proportional to the conversion 
transconductance 

qk = q of cathode circuit 

QL = Q of plate load impedance 
= cathode resistance in ohms 

EL = effective plate load resistance in ohms 

f _ fo, .41" 
fm f fm 

= Qg 

yi = input admittance in mhos 

ZL = plate load impedance 

wl = angulale velocity of signal voltage 

= angular velocity of oscillator voltage 

u 

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 cathode to ground 
capacitors are shown since input admittance con-
siderations will be considered later. For gain 
determinations, these capacities will be neglected 
and the equivalent circuit reduced to three node 
pairs. 

Writing the three nodal equations and placing 
them in matrix form gives 

gm ei 

o 

(gm + 
R Z 

_ 

- gm 

o 

1 

gm 

_ 

o 

-L 

ek 

eg2 

eo 

(1) 

where the input voltage may be expressed as 

ei = egi + ek. (2) 

Solving ( 1) for em and simplifying yields 

[11(1 + gm ZL) + gm ZL2] 
°o   

2 
1 + gjt + gm  ZIE 

gm ei 
(3) 

For high gain, narrow band amplifiers 
<< ZL , hence 

eo gm2 yL2 ei 

1 + gm2 ZL R 
(4) 

Now by definition, the gain with feedback is, 
e, 

Af = 
el 

and the zero feedback rain ( A) 

A L-t gm2 "I.2 

Substituting in Equation ( 4) 

Af 
1 + aA t 
' ZL 

A 

Now by definition, 

and 

(5) 

AR 
B = (6) 

A 
Af -""- 1 + B ' (7) 

which is a conventional form of feedback equation. 

It is worthy of note that ZL appearing 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 Af for 
large values of B. 

Bandwidth Considerations 

In many applications of this type of ampli-
fier it is desirable to have the banchidth 
independent of the feedback. Therefore, the 
effect of the interstage tank circuit is consid-
ered briefly. For simplicity consider e resistive 
load impedance RL on the second stage. Equation 

(5) is modified by this change to 

(8) 

The gain, Af and â must be considered to be 
complex for the purpose of this discussion and 
the subscript 0 denotes center frequency gain. 
The complex gain without feedback can be shown 
to be 

Lo 

- 1 + jQu. (9) 

since only one anti-resonant impedance network is 
present. Substituting ( 9) in ( 8) yields 

Afo  
àe - 1 + iQ • 

1 -14e1 

(lo) 



From inspection of Equation ( 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. If the resistive load RL is now placed on 
the first stage and the complex impedance ZLon 
the second stage. Equation ( 5) is still valid but 
â is now gm2 RL ZL. Following a similar procedure 
yields 

Afo 
• - 
af 1 + 

(11) 

Obviously the bandpass characteristic is unaffect-
ed by the application of feedback provided pentode 
tubes are used. For amplifiers using similar tank 
circuits end feedback factors 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 fallen to a level such 
that the interstage network begins to make an 
appreciable contribution to the overall selectiv-
ity. In addition, this system permits the use of 
the feedback couple, with many of the attendant 
advantages, 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 known4 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 resistance 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 unbypaesed 
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 yi. Substituting for 
the plate load impedance 

and assuming that 

w2c12R,2 

YieZ-  
x2 - 2w 

Be 

Z - L 1 +.jx 

gm ZL >> 1. eiv 

- wCiBx + w2C1R 

(C1 + 02) RBx + 

Equation (12) may be differentiated with respect 

to x for a particular case, to find the value of 

x at which Be Yi 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 center frequency 
(x = 0) ozeration the conàuctance will be negative 

when B > Lq. . At high frequencies or large values 

02 
of R, the input resistance may become 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 Qic << QL, the cathode 
circuit may be considered essentially resistive 
at the value of x et 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 C2 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 proportions. Hence it is 
necessary for the design engineer to recognize 
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 
tho 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. 

gol = bo + al sin w2t 4 a2 sin 2w2t +. . . (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 (w2 - w1), 
only this component will be considered in the 

(12) output voltage ee, thus 

00 = 30 cos (w2 - wi)t. (14) 

lia 



Let the signal input voltage at angular frequency 
wi be 

ei = Ei sin wit. (15) 

Assuming identical load impedances Zy for 
each stage, Equation ( 4) may be modified to read 

gml gm2 ZL2 ei 
eb   

1 + gml gm2 RZy 
(16) 

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 

al gm2 Ei EL2 E, - 
2(1 + bo gm2 RZy) 

For simplification let 

1)0 = kb îl and 

• 

eml 
al = kl "7" 

(17) 

where kb and ki are constants determined by the 
switching function of the mixer tube selected. 

Writing Equation ( 17) in terms of gain and 
substituting for bib and al 

A 
Af -

1 + 2ke RA 
7E1TF 

The return difference may be defined by 

B = 2k0 RA 

klZL 

and Equation ( 15) reduces to 

A 
Ar 

.L 1 B 

(18) 

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 suitable 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 
1-f in the order of 10 Mc, oscillation may con-
ceivably occur when the input circuit is tuned 
slightly above the 1-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. 

Design 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. 

(19) iven; Af, f0 , Af , 1 + B, gm2 and gml or gb. 

Obviously, for large values of B, the gain 
is relatively independent of the transconductance 
of either tube. It should be noted that kb and 
ki 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 Af with changes 
in the value of the constants, provided that the 
changes of kb and ki are in the same direction 
and of like percentage. Typical values of the 
constants for a 65B7-Y are kb = 1.2 and ki = 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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(a) Calculate A = ( 1 + B)Af. 

(b) For mixer operation determine values of 
kb and ki for the tube under consideration. These 
constants may be determined by graphical integra-
tion of the switching function.e If this is not 
expedient, assume ki = 1.5 and kb = 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 Al = A2 

for mixers let k = 
go 

A2 = 

A 
and Al = . 

A2 

(d) Calculate Ity 

(e) Calculate q e . 

=IA 



(f) Calculate C = 
wRL 

(g) Calculate R; 

for amplifiers 

for mixers 

Alienment 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-
mately equal to R. The plate circuits 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 Results 

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 An plotted against 
plate supply voltage. The substantial stability 
improvement is immediately apparent. A 450 kc 
amplifier, with each plate circuit tuned, was 
also tested experimentally with the results shown 

in Figure 4. In this case higher gain was 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 can probably be used at higher 

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 ko and kl described 
earlier. Satisfactory operation has been obtained 
with a 6AK5 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 6AK5. 

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 

Stanford 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 stages, 
and for paired stages employing negative voltage 
feedback. This latter configuration, 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 readily 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 manual gain 
control. 

The ability 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 is the stability with respect to 
changes of diode and tube characteristics with age 
and temperature. 

1. INTRODUCTION  

In many microwave receiving systems, the in-
coming signal is detected directly, and then am-
plified to provide a usable 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. 

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 investigation, a consid-
erable amount of work was done by others along the 
same lines of attack. Mr. J. R. Wilkerson of Air-
borne Instruments Laboratory was 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. Rambo ( 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 Rti 

and Rt2, which are large in comparison with Rk. 
The condenser Ck 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 Rbi and Rb2. 

For small signals the cathode-to-ground im-
pedance is typically of the order of a few hundred 
ohms, as determined by the sum of the dynamic re-
sistances of the diodes. Rk 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 
maximum gain. As the size of the incoming signal 
is increased, the current through the tube changes. 
For positive input signals, the current through D2 
increases, while the current through D1 decreases. 
When the grid signal is sufficiently large, con-
duction through D1 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 D2 will be out of conduction, and the 
operation may again be understood from Fig. 2.3. 

For small signals, 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 Bk, 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 
and infinite resistance for all back voltages). 
The incremental gain would be large and constant 
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up to the transition point, and then drop abruptly 
to a lower constant value for larger signals. 

In the practical case of high-conduction ger-
manium diodes, the dynamic resistance of the 
series diodes increases as the transition point is 
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. 2.4. 

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. Stages 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 
obviously 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 is 
often very convenient to introduce a short time 
constant somewhere in the amplifier to reduce 
stray low-frequency signals from power supplies, 
etc. If this is done in an amplifier which has 
large dynamic range for signals of only one po-
larity, the overshoot produced by such a short 
time constant 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 
portion 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-
cumvented 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 variation 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 small-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-
fiers, this estimated plate load is given byl 

A R 

RL = 2 A1 (2.1) 
-  

where Al is the desired small-signal gain for the 
stage. Rp is the dynamic plate resistance, andy 
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 By to give the desired 
output transition voltage. Since the cathode re-
sistor Bk will generally be large in comparison 
with the dynamic resistance of the diodes, most of 
the tube signal current will came 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 i FL (2.2) o L 

where io is the quiescent diode current. When 
greater accuracy is desired in determining the 
output transition voltage, the expression 

Vt = ioRL voRL/Rk (2.3) 

may be used, where vo is the quiescent diode volt-
age drop. In typical applications involving high-
mu tubes, the large-signal incremental gain is 
given approximately by 

A2 = RL/Rk (2.4) 

so that ( 2.3) and ( 2.4) may be used to complete 
the first approximate evaluation of RL, Bk, and 1.0. 

When these tentative values have been deter-
mined, the final design may be started. First, 

the dynamin resistance of the series diodes for 
the quiescent current io should be found. This is 

simply twice the resistance for a single diode. 
Fig. 2.5 shows the measured dynamic resistance and 
voltage drop vo as functions of 10 for 1N56 ger-
manium diodes. 

At this point the plate load resistor may be 
recalculated. An equivalent plate resistance of 
the tube with cathode degeneration may be found 
from 

Rp + ( 1 +).4.) R (2.5) 

where Rp is the actual plate resistance, and R 

1The 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 

A R' 
1 p 

_ _ Al) 

where R; is the effective plate resistance ob-
tained Irom ( 2.5) above. 

With the new plate load a slightly different 
10 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 RL and jo generally 
goes very rapidly, however. 

When RL and io have been established, the 
small-signal gain and the transition point are 
fixed, and it remains only to obtain the correct 
value for the incremental gain A2. The circuit 
element used to control A2 is the cathode resistor 
Rk. Its value may be found from 

- A2 ) - RpA2 

(2.6) 

R -   (2.7) 
k (1 +).4) A2 

To complete the design, values must be found 
for Rti and Rt2, and Rb2, Rg, Ce, and Ck. Since 
the quiescent diode current io rías been determined 
and the operating tube current ip has been chosen, 
the zero-signal potential of the cathode is given 
by 

Vko = ( ip - 1o) Rk 

The potential at the junction of the two diodes 
will be Vko less the drop across D2 for the cur-
rent io. This latter voltage is small for high-
conduction germanium diodes--typically of the 
order of 0.3 volts for 1N56 ,s. The voltage drop 

across D1 will be equal to that across D2, but of 
opposite polarity, so that the voltage at the 
lower end of Rti will be equal to Vko. Since Rti 
is to carry a current jo, it may be found from 

(Vb - Vko) 

Rtl -  jo 

(2.8) 

(2.9) 

The size of Rt2 may be determined in a similar 
way. The voltage at its upper end will be 

Vko yo, where vo is the quiescent drop across 
diode D2. Since Rt2 is to carry the quiescent 
currents of both diodes, the proper value is given 

by 

Rb2 -
(Ito + Vko - vo) 

210 
(2.10) 

The grid-circuit components Rbi, Rb2, Rg, and 
C are readily determined. First, it is usually 
convenient to make the sum of Rbi and Rb2 equal to 
or greater than Rti. Since the voltage across Ck 
is generally small in comparison with the positive 
supply voltage, this choice simplifies design in 

that no appreciable fraction of the current 
through Rtl will be diverted from Dl. It also 
helps to maximize the discharge time-constant of 
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Ck. The division of resistance between Rbi and 

Rb2 is determined by the operating grid bias 
chosen for the tube, and the potential Vk ex-

isting at the junction of Rbi, Rt1P pl, an Ck. 
If the desired grid bias is represented by Vff, the 

values of the bias resistors may be found frBm 

Rbi 

(Rbl Rb2 ) 

V 
--
Vko 

(2.11) 

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 Ck is governed by 
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 io flays into or out of the 
condenser, tending to change its voltage. The 
magnitude of this voltage change under specified 
conditions is easily found from 

it 
o = (2.12) 
Ck 

where t is the length of the pulse. The manner in 
which a voltage variation across Ck 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 smaller amount than the con-

denser voltage change given by ( 2.12). The result 
at the output of the stage is thus an overshoot. 
In practice, Ck 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 
an amplifier are shown in Fig. 2.6. The plate 
load resistor RL was chosen to provide an over-

all bandwidth of a five-stage amplifier of approx-
imately 500 kc, corresponding to a stage bandwidth 
of 1.3 Mc. A small-signal gain of about 85 db for 
the five stages was required. On this basis, the 
voltage gain per stage ( A1) would be 7.1. The 
output voltage at the gain transition was to be 
approximately 3.5 volts, and the large-signal gain 
(A2 ) approximately 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 ohms from Fig. 2.5 in 
(2.5) and solving ( 2.6), the required plate load 
was found to be 4.9k. The effective interstage 
capacitance was estimated to be 25 micromicro-
farads, giving an upper 3 db point of 1.35 Mc. 



The cathode resistor Rk 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 = 15.5 volts. 

Rti will then be, from ( 2.9) 

(250 - 15.5)v/0.7ma = 

The other diode bias resistor Rt2 will be, from 
(2.10) 

(250 - 15.5 - . 3)v/1.4ma = 189k. 

The grid bias divider composed of Rbl and Rb2 may 
be determined using ( 2.11). This relation may be 

rewritten as 

335k. 

Vg/Vko 

Rbl Rb2 - Vg/Vko 
megohms 

with Rb2 also in megohms. This form is sometimes 
more convenient, as it allows Rb2 to be chosen as 
a standard value. In the example, Rb2 was assumed 
to be 1 megohm. For a grid bias voltage of 2.8 
volts and a quiescent cathode voltage of 15.5 
volts, Rbi is found to be 220k. 

The cathode condenser Ck 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 
5-microsecond pulse ( of sufficient amplitude to 

drive one of the diodes out of conduction) would 
be 

-6 
0.7 ma2.10 sec  

30.10 farads 
- 116 microvolts. 

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 Ck 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 Ck 
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 Ck 

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 C have been 

found satIsfactory 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 
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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 signals for the 
condition of only the second stage going through 
a gain transition. The center picture is for a 

larger input signal, 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 à 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 
amplifier 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 

somewhat 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 TEE 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 voltage 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 one 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 stages results 
in an output characteristic made up of a large 

number of segments. A relatively good approxima-

tion to a 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-
voltage supply may be eliminated, and the common 
diode bias resistor R. returned to ground. The 2 
effect of this change is twofold: it reduces the 
value of Rt2 to such an extent that the large-
signal incremental gain is affected, and it causes 
a slight reduction in the stability of the circuit 
with respect to changes in components. For large 
positive signals Rt2 will be effectively in paral-
lel with Bk so that the large-signal gain will be 

increased if R is not several times greater than t2 
Bk. ( In the two-stage amplifier of Fig. 2.6, Rt2 
would have to be 10.5k to maintain the originAl 
diode currents.) Since Bk alone determines the 
incremental gain for large negative input signals, 
the result of this change is to make the large-
signal 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 many applications 
the operation is entirely satisfactory. 

The reduction of Rt2 also causes some loss of 
the circuits ability to adjust to changes in tube 
and diode characteristics, although this has not 
been found at all serious in practical 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 return both Rt2 and Rk to it. This allows 
RI, to be made very large, which means that the 
large-signal incremental gain can be made very 
small. Thus the circuit of Fig. 2.6 could be 
modified in this way, raising Bk to 80k. The 
large signal gain would then be ( using ( 2.7)) only 
0.057. This corresponds to rather effective 
limiting action, and is easily obtained circuit-
wise. 

Another modification of the basic circuit 
which may be found useful is to bias the two di-
odes unequally so that the gain transitions 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 principal circuit change is in the 
values of the diode bias resistors Rt1 and R t2* 
With unequal quiescent currents the aynamic re-
sistances of the two diodes will, of course, be 
different. The sum of these resistances would be 
used to determine the cathode degeneration in the 

small-signal case. Output signal voltage at tran-
sition would be found from ( 2.2) or ( 2.3), with 
the appropriate quiescent current and voltage sub-

stituted for lo and vo, respectively. 

5. TB! FEEDBACK PAIR 

UP to this point the discussion has been 
limited to simple grounded-cathode stages. For 
two reasons which will be stated shortly, it is 
often advantageous to operate the stages in pairs 
with voltage feedback between grid and plate of 

the second tube. This sort of arrangement has 
been described in the literature as a feedback 
pair 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 RF. Since 
the second stage has grid-to-plate voltage feed-
back, it will have a resistive input impedance de-
termined by the amount of feedback. This input 
resistance is given by2 

RFR2 + RFEL + R2RL 

Rin -   (5.1) R2 + ( 1 +/42)RL 

where R2 is used to designate the effective plate 
resistance of the second tube. In circuits with 
no cathode degeneration, R2 would be just the dy-
namic plate resistance of the tube. With cathode 
degeneration such as would be introduced in using 
the MCC circuits, R2 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 gain is 

r1R in  
A - (5.2) 
1 Rin + R1 

where R1 denotes the effective plate resistance, 
and).4-1 the 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 

A2 
/A2RL932RF - R2)  

RFR2 4- RFRL R2RL 
(5.3) 

where" is the amplification factor of the second 
tube, and the remaining notation is as previously 
defined. 

The voltage gain of the pair is just the 
product of Al and A2. This may be written as 

pleb RLÇ'bRF - R2)  
AT - RFR 2 + RA + R2RL Rl[R2 4-(1+12 )R11 

Another quantity of particular interest is the 
impedance seen at the plate of the second tube. 
The output resistance due to the feedback is given 
by 

R1 4- RF  
R - 
Bout + RF iR2 + 1 

The actual impedance seen at the plate of the tube 
would be the parallel combination of Rout and RL . 

(5.5) 

1Several forms of this circuit, though not 
the exact one used here, are discussed by Van 
Voorhis in "Microwave Receivers," vol. 23 of MIT 
Radiation Lab. Series, pp. 524-526. 

2The derivations of the equations in this 
Section are indicated in Appendix B. 
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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 pliF and the effective 
plate resistance of the second tube, R2. If the 
IAGC 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 Rk2, which, in turn, controls R2. 
It is readily possible to make the large-signal 
gain ( which will be designated by A22 ) zero, or 
even negative, if desired. 

Since this same difference term appears in 
the over-all gain expression given by ( 5.4), the 
gain of the pair above the first transition point 
may be controlled to a large extent by R. In 
the particular case of A22 equal to zero—(/42RF=R2), 
the total gain AT is also zero for all signals 
greater than that required to drive the second 
stage to its 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 Rk2 may be readily found 
using Eq. ( 2.5). Thus 

Rp2 + ( 1 + ),..(à)Rk2 

RF 1142 
(5.6) 

which, in the case of typical high-mu triodes may 
be reduced to 

Rk2 = RF (5.7) 

with good accuracy. 

The second advantage 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 
which maximum discrimination against supply volt-
age ripple is realized. As will be shown later, 
the ripple output of a feedback pair is 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 load resistor RL, 
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some going into the feedback resistor RF. 

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 terme 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, Ai, is equal to 
the product of the small-signal gains of the first 
and second stages, AilA21. The intermediate pair 
gain A2 is given by the product of the first-
stage intermediate gain, and the second-stage 
large-signal gain, Ai2A22 .. The large- signal gain 
of the pair is given by the product of the first-
stage large-signal gain and the second-stage 
large-signal gain, A13A22 . The first output tran-
sition voltage VT1 is equal to V2; the second, 

VT2, will occur at a voltage VT1 + ( V12 V11)A22' 
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 A22 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 Al2. With this lower A22 gain, 
All must then be increased to provide the desired 
fifial gain A.,. As a rough working rule, the 

cathode-to-geound 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 

o2 = VTl + ( 1+ 1/A21)/RF] vo2/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 Rk2, as 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 

V VT2 -V vol 
(5.9) 

T1 TI  

iol - RiniA21 + Rin2A22 R 
kl 

Here Rini designates 'the input resistance of the 

second stage below its gain transition, and Rin2 



the input resistance above the gain transition, as 

calculated from Eq. ( 5.1). 
From the preceding discussion of the feedback 

pair, it is apparent that the design procedure is 
considerably more complicated than for the basic 

circuit without feedback. Perhaps 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 changes 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 reasonable parameters ( m and plate re-

sistance have been chosen for the tube to be 
used, an value for the feedback resis-

tor RF may be found from ( 5.4). To do this values 
must be assumed for the dynamic resistances of the 

cathode diodes so that the effective plate resis-

tances of the tubes ( R1 and R2 ) may be found. 
Also, a value must be assumed for RL . ( 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 RF 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 R2 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 
v ue of VT1 may now be determined using (5.6). 
The required value for R1 may now be found from 

(5. 4 ). RI  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 
gains ( A1, A2, and /1.) will be realized, but the 
output transition vortages ( VT1 and VT2 ) 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 assumptions are not too 
far out, the final 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, Al = 36. Output volt-
age at first transition, VT1 = 3 volts. Gain 
above first transition, A2 = 5.7. Output voltage 
at second transition, VT2 = 6.5 volts. Gain above 

second transition, A3 =-I.O. 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 between the diode junctions 
and ground thus cause the gains to be different 

for positive and negative signals, as discussed in 

Section 4. 
In this circuit the first tube operates with 

1 

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 conditions, 
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 ( small-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. In 

the case of the feedback pair, the fraction of the 
total ripple voltage at the second plate is first 

found using Fig. 2.5 and Eqs. ( 2.5) and (5.5). 
The effective plate resistances of the two stages 

is found to be 32k. From (5.5) the output 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 changes 
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. CONS IDERATIONS RELATING TO CONWLETE 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 Al, the stage output tran-
sition voltages be V, and the large-signal gains 



be A2. 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/Al. When its output increases to 

✓ the second transition will occur. The output of 
the preceding stage will thus increase by an amount 
✓ - V/A1 before the second transition occurs at 
the output, so that the voltage between first and 
second transitions will be A2V(1 - 1/A1 ). At the 
time the second transition occurs at the output, 
the output of the second from last stage is again 
✓ - V/A1 The next increment of output voltage is 
thus A2V(1 - 1/A1 ), etc. 

In the specie], case of A2 = 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 - 1/A1 ). When A2 is significantly 
different from unity, the size of the output volt-
age increments will change progressively as the 
input signal is 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 [VT1 VT1/A1 - (VT2-1.)/A21 Ay  
The fourth increment will be [VT2 - VT1 Al. The 
fifth increment will be the same as the third, ex-
cept that A3 appears squared. Similarly, the 
seventh, ninth, etc., have A33, A14, etc. The 
sixth, eighth, etc., output voltage increments 
will be the same as the fourth, except for A_2 

3 
A33, etc terms. 

In a typical case of identical pairs with 
equal increments between first and second transi-
tions and unity large-signal gain, A3, it is found 
that there is a repetitive variation in the size 
of the output increments. If, for example, the 
pair characteristics are Al = 36, A2 = 6, Al = 1, 
VT1 = 3 volts, and VT2 = 6 volts, the output volt-
age increments are found to be 3, 3, 2.4, 3, 2.4, 
3, etc. 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. If 
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 considerations 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 may 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 

to convert the last two stages to the 
cuit ( no feedback). In typical cases 

reduce the signal at the last grid by 
two. 

basic cir-
this will 
a factor of 

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 germanium diodes 
employed. Considerable difficulty from these 
sources was experienced in earlier circuits which 
involved diodes connected directly between the 
cathode of the tubes and ground. A "floating" 
arrangement is used here in which the voltage 
across a 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 operatión, 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 standard expression for the voltage gain 
of a grounded-cathode triode state is 

111, 

When this is solved for ry, 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 is 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 somewhat low, 
since some change in the cathode potential is 
necessary to overcome the diode voltage drops. A 
correction term of 

(A.1) 

voll.L/Rk (A.2) 

may be added to ( 2.2) to improve the accuracy. 
The actual change in cathode voltage is somewhat 
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 gradual 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 
output voltage at transition is determined from 
(2.3). 
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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 ( RL ) is infinite. 
The current through the circuit is then zero, so 
that the open- circuit voltage is just 14V,. The 
impedance seen from the output terminals is then 
found with the internal generator Vs shorted out. 

For this determination R in Fig. A2 is replaced 
by a zero-impedance generator, and the Vs term in 
the equivalent generator is dropped. The net 
driving voltage is then V -)41R, so that the cur-
rent that flows is given by 

V -)uiR  
- (A.3) Rp + R 

Solving for V/1, the output impedance is found to 
be Rp + ( 1 + as given by Eq. ( 2.5). 

Eq. ( 2.6) is obtained by solving the gain re-

lation given by ( A.1) for RL with the plate resis-
tance of the tube replaced by the equivalent out-
put impedance obtained from ( 2.5). 

The expression for Bk given by ( 2.7) is found 
by writing the expression for large-signal incre-

mental gain 

A2 - (A.4) 

and then solving for Bk. The approximate relation 
for A2 given by Eq. ( 2.4) comes from the exact 
equation given above. It is based upon two assump-
tions which are usually met reasonably well in 

practice. The first is that the amplification 
factor of the tube is much greater than unity. 
This is a reasonable assumption for all tube types 
likely to be employed in pulse amplifiers of this 
sort. The second assumption is that plik is large 

in comparison with the sum of RL and Rp . The 
error resulting from this latter approximation can 
become large if the large-signal incremental gain 

is appreciably greater than one. Considerable 
error then results because Bk must be fairly small 
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 explanation, as they result from straight-
forward application of Ohm's law. 

Eq. ( 2.12), giving the change 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 io now flows into or out of the can-
denser for a time t, the charge will change by an 

amount LW, = jot, so that the incremental voltage 
change will be CV = iot/C, as given in ( 2.12). 
(This expression will be very nearly exact even 
if LSV should be several volts, because of the 
high-voltage, high-resistance sources which supply 

the diode currents.) 

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 

and 

11(RF + R2) 4- i2(R2) = (1 4- 1P.2 )V 

i1(R2) 12(R2 RL) P'211 

(B.1) 

(B.2) 

The input resistance is found by solving for i1 
and then determining V/11. This is given in 
Eq. ( 5.1). 

The voltage gain of the second stage is de-
termined by solving ( B.1) and ( B.2) far 12, multi-

plying by RL to obtain the output voltage, and 
then dividing by the input voltage V. The result 
is given by Eq. ( 5.3). 

The expression for first- stage voltage gain 
given by ( 5.2) is obtained from 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 gain of the pair may be calcu-
lated by multiplying the individual 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 a zero-impedance generator. The equivalent 
circuit is shown in Fig. B2. The loop equations 
are found to be 

il(BF + B1 + B2) - i2(B2) -)U2e 

and 

(B.3) 

-11(R2 ) + i2(R2 ) = )u2e + V (B.4) 

Since e is equal to 11%, these may be rewritten 
BS 

and 

11[R + R2 + R1(1 + )1)1 - 12(R2 ) = 0 ( B.5) 

4- i2(R2) = y 

The output resistance is found by solving for 12 
and then determining V/12 . The result is given 
by Eq. ( 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,/BL might be 
termed the useful part of the total diode current, 
since it sets the output transition. The addi-
tional current that must be supplied to the feed-
back resistor is given by V 1(1 + 1/A21 )/RF . This 
current is greater than VT174 by 1/A21 because of 
the action of the feedback: Ihus, when there is 
unit signal voltage at the plate of the tube, there 
must be a signal of opposite polarity and magni-
tude 1/A21 at the grid, to which the feedback re-
sistor is connected. The gain here is the small-

(B.6) 
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signal gain of the second stage. The last term 

vol/Rk2 accounts for the increased tube current 
which comes from the cathode resistor Rk2 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 VT1/A21 when 
VTI is reached, so that this portion of %fie cur-
rent will be VTl/(R1,1A21). The second term 
represents the addifranal change in first-tube 
current necessary to provide a second output tran-
sition voltage of VT2 . This term is similar to 
the first, the incremental change in output volt-

+ ED 

EC 

Fig. 2.1 
Actual circuit. 

IDEALIZED DIODES 

PRACTICAL DIODES 

VIN 

Fig. 2.4 
Output/input characteristic 

for one stage. 

A22 are 

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 Rin2 and 

used. 
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Fig. 2.6 
Two stages of a typical amplifier. 

Fig. 2.7 
Two-stage amplifier operation 
with triangular input signal. 
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Fig. 5.1 
The feedback pair. 
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Gain characteristics of pair with IAGC. 
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Fig. A.1 
Triode with cathode degeneration - 

actual circuit. 

Fig. 5.3 
Typical feedback pair with LAGC. 
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Rp 

Fig. A.2 
Triode with cathode degeneration - 

equivalent circuit. 

Fig. B.1 
Equivalent circuit of second stage of feedback pair. 

Fig. B.2 
Circuit for computing output resistance of feedback pair. 
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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 is 
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 

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 
circuit or the automatic- gain-control 
circuit charges up on noise energy, poor 
synchronization is likely to result. 

Fixed-Bias Sync Separator System  

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 dc level 
in the output. In 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 
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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-
biasing 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 

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 is 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 illustrating 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 automatic-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 
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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 circuit details. It was found 
that many different variations in the 
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actual circuitry were workable and 
noise-immune. For example, in some 
cases the automatic-gain-control vol-
tage was obtained using a keyed recti-
fier tube and in some cases using a 
non-keyed rectifier system. In some 
cases the video signal was applied to 
the cathode of the sync separator tube 
and the external bias to the grid, 
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. 
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PACKAGED ADJACENT CHANNEL ATTENUATION 
FOR TELEVISION RECEIVERS 

John P. Van Duyne 
Television Receiver Engineering Dept. 

Allen H. 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 interference 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 

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 
• 750KC about the normal picture carrier 
frequency. A compromise design between these 
two requirements is entirely possible, but 
involves critical, interacting adjustments 
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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 gm 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 44mc 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, Cm» of Figure 5, which 
represents the distributed capacity of L1 
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 Li 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 shown 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 intnrfering 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 chan,:el 3 and being interfered 
with by channels 2 and 4. The interfering sig-
nals exceed the desired signal by approximately 

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 64.25mc 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 3mc 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, ean 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. 10 
Receiver on channel 3 with filter. 
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METHODS OF MATRIXING IN AN NTSC COLOR TELEVISION FtFGFIVER 
Ni11 M. Quinn, Jr. 

General Electric Company 
Syracuse, New York 

Introdirtion 

An inherent problem in the 1,rrsc color tele-
vision receiver is that of combining the chromin-
ance components 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 
pieces of information are transmitted; luminance 
(or brightness), dominant 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 information 
corresponding to the dominant wavelength and 
purity is transmitted as phase and amplitude 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 aq.ternate frames in existing 
monochrome receivers 

Present NTSC field test specifications re-
quire that the signal have the following corn-
posit ion. 

Em Ey I EQsin( urt433°) I Eic08( (Qt4330) 1) 

where EQ= 0.41 ( EB-Ey ) 4 0.48 ( Eli-Ey) (la) 

Elie -0.27 ( EB-Ey ) 4 0.74 (ER-Ey) (lb) 

Er 0.30ER I 0.59E0 4 o.uEB (lc) 

and w z 2rr times the subcarrier frequency 

For color difference frequencies below 50CR(C 
equation 1 may be represented by 

EmeEY4 [ 11.14 ( 57.-( EB-E3') sin wt Ek-Ey)c°3 w t) 3 
(2) 

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 lc, 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 information 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 component 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 EI or EQ 

(abbreviated I,Q) axes or along the ER - Ey 

EB -Ey (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 signal to produce 
the red and blue signals for application to the 
picture tube control element, that is, 

R-Y ,Z Y = R 

B-Y Y = B (3) 

A 

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 lc into equation 4. 

G-Y = -0.51 (k-Y) -0.19 (B-Y) (4) 

The green color signal is then produced by the 
addition of the luminance signal 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 chreminance channel. 
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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 remaining color subcarrier and its sidebands 
are then applied to the synchronous detectors 
where they are heterodyned with reference carrier 
of appropriate phases. Low-pass filters an the 

detector plate circuits recover the desired 
difference frequencies by excluding all other 
components. The G-Y color difference signal is 
obtained from the output of an adder which com-
bines the R-Y and B-Y detector outputs in 
accordance with equation 4. The three-color 
difference signals are then individually combined 
with the luminance signal in adder circuits to 
produce the red, blue, 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 
transmitted 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 0.3CR il 
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 71 0.30 e 0.89• Figures 
3b, 3c, 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 matrix unit to corrbine these signals 
individually with the luminance or Y signal to 
produce the three simultaneous red, green, and 
blue color signals. Considering the addition of 
the B-Y color difference signal to the brightness 
signal it is seen that for bars which contain no 
blue ( e.g. red, yellow) the positive luminance 
values are exactly cancelled by negative values 
in the B-Y color difference signal. 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 3e). If the R-Y and 
G-Y color difference signals are added to the Y 
signal in the sane manner the red and green color 
signals are produced ( Figure 3p, 3g respectively). 

The blanking interval has been purposely omitted 
from Figures 3e, 3f, 3g since it contributes 

nothing to the discussion. 

Adder Requirement  

Although the requirements 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 must 

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 interaction between 
sources, and that it be free from distortion. 
Also desirable is that the adder be efficient or 
capable of performing the desired operat inns with-
out severe attenuation of signal between input ami 

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-color 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 signal which may be obtained 
by either of the methods described previously. 
However, a receiver which recovers I and Q must 
combine certain positive and negative amounts of 
these components in order to present 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 
control 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 petwork of 
the resistive adder shown in Figure 4.z in order 
to maintain the required isolation between sources 
in this type of network, the insertion resistors 
(R1, R2, R3) must be large compared to the load 

resistor Ro. The output voltage becomes approx-

imately 

e Ro e 4 e , R0 
o 1.71 R2 2 e R3 

If sources e2 and 03 are replaced by their 

respective source impedances Z2 and Z3 where 

Z2 Z3 Z the coupling between sources may be 

shown to be 

ec = e ( ( 1 ) 
4 fi T777 

Ito 

where e represents any source voltage and R = R1 = 

R2 R3 for convenience. For ee to be small 

enough to be tolerated the ratio of R must be 
Fro. 

e3 
(5) 

(6) 



large and the source impedance must be small com-
pared to the insertion resistor. Results have 
shown that for the required accuracy the coupling 
factor cc 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 provide 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 troublesome at 
the higher frequencies. 

Tube Adders  

Other common methods used to perform the 
matrix functions utilize t tioe sections with common 

plate or common çathode impedances as shown in 
Figures 5 and 6. 4,3 For the two input voltage 
shown in Figure 5, the output voltage becomes 

e = 31 ° e e2) 
2( II/ 1) 1.2 l  (7) 

/hen triodes of sufficient and low plate resist-
ance are used, equation 7 reduces to its approx-
imate form 

o e e 
2 1 r (8) 

Common cathode adders are normally used whenever 
it is necessary 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. 

'30 = K( el 4 e2) 

For pentodes 

e o = gm RL( el 4 e2) 

(9) 

(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 and stray capacit-
ances. A second advantage of importance is that 
impedance transformations are readily effected 
between input and output. Relative amplitudes of 
input signals desired in the output may be ob-
tained by ( 1) adjusting the relative amplitudes of 
the input signals using equal tube section gains 
or ( 2) adjusting the gains of the respective tube 
sections using equal inputs. 

Dual triodes are suitable for adders, par-
ticularly for those applications requiring the 
addition of only two signals. Adders employing 
tube 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 Sunning Amplifiers  

Perhaps the most successful method of matrlx-
ing employed is the feedback summing amplifier. ' 

}“4 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 current law to Figure 7 

R3 

where 

4 e2  

R2 

e e0 

e - e 
1 e- e (11) 

Substituting for e in equation 12 arid solving for 

co 

e0 = 
Rt. 
Frl  ;I 

el 71 rRé:2 e2 t; 
1 1 R R - R. (.1 4 

R1 R2 

e3 

Rf 

71 ; 

If K is sufficiently large as is generally the 
case when pentodes are used 

= Rf 
eo  [ 

R1 

R, 

el e2 e3 3 
3 

(12 ) 

(13) 

The output voltage, is therefore, the negative sum 
of certain ratios of the input signals, these 
ratios being determined by the ratios of the feed-
back resistor to the series insertion resistors. 

To compute the isolation between sources 
afforded by the feedback summing amplifier, refer 
to Figure 8 in which sources e2 and e3 have 
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been replaced by their internal impedances, Z2 and 

Z3 respectively. Source el becomes the only ex-

ternally applied voltage and e2' and e3' refer 

to the voltages developed across z2 and Z3 due to 

cross coupling of el. 

When the feedback resistor is equal to the 
insertion resistor, the voltage at the adder grid 
is given approximately by 

e = el (14) 

*here K is the open loop gain of the stage. The 
voltage developed across Z2 due to a current from 

source e1 is seen to be 

1 
e2 el ( ) 

- R2 

7:2 

and similarly 

e - e 1 
3 (777"_—.2 ) 

Z3 

(15) 

(16) 

Since K can easily be made equal to 30 or 
more and Z2 and Z3 are normally much less than 

R2 and R3 the croes coupling is usually substant-

ially less than one percent in practical circuits. 

Application to an NTSC 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) 4 Y 4 0.621(Q) 
G = 0.272 (-I) 4 ï 4 0.647(-Q) 
B = 1.106 (-I) 4 Y 4 1.703(-Q) 

The ratios of Rf #. f 

11- 7--1 2 

(17) 

Rf are pre-

e-
9 

determined by the coefficients of I, Y and Q of 
the above equations and must be adjusted to 
correspond to these values. 

The example given considered only a receiver 
which recovered the I and Q chrominance 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: 

(R-Y) 4 Y = R 

(B-Y) 4 Y = B 

-0.51(R-Y) - 0.19(B-Y) 4 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 sunning network a flat response may be ob-
tained without peaking and with more than suff-
icient isolation between sources. For example, 
when the circuit parameters below were used, 

Tube Type 6AH6 

K = 50 

R1 = pt.2 = R3 = Hf = 20K 

Z, = 1K = Source Impedances 

RI,' 5K 

a frequency response of 4mc was obtained without 
peaking. Under these conditions, the coupling 
factor was computed to be 1 . 

1050 

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 
frequency response, better linearity, increased 
stability, and better isolation between sources. 
This type of adder has been employed in develop-
mental NTSC color television receivers very 
successfully, giving superior performance with 
improved stability over other types of adder cir-
cuits tried. 
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Subcarrier phase relationships of the 
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Fig. 7 
Feedback summing amplifier. 

Fig. 9 
Feedback summing amplifier used 

in and I-Q receiver. 
R = 0.9661+ Y + 0.621Q; 
G = -0.27214- Y -0.647Q; 
= -1.1061 -4- Y -1.703Q. 
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Fig. 6 
Common plate adder. 

Fig. 8 
Feedback summing amplifier circuit 

used in computing interaction 
between sources. 



FACTORS AFFECTING THE DESIGN OF VHF-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 vhf tuner 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 
configuration 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 vhf 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 uhf-vhf tuner. 

1. They should provide equivalent perform-
ance on the vhf channels to that found with 
vhf tubes, and comparable performance on the 
uhf 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. 

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 6AN4 and 6T4 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 Li 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 N2Li. 
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 minimum in-
sertion loss. Since the input circuit will be 
followed 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 circuit. 

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 
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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 
so 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 gm 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 
resistance. 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 6AN4, including 
transit time and 1/gm, is approximately 100 ohms 
at vhf. At 470 mc, 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 ag c is used on the tube, it should be 
delayed or tapped down from the age 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 uhf television 
band. Conventional lumped constant circuits were 
employed an the vhf channels while uhf 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 me. The amplifier noise 
figure was 14 db at 900 mc. 

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 

capacity be kept at a minimum. 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 
shown in Figure 5 can be modified to include the 
vhf channels. This may be accomplished by fix-
ing the line length for Channel $3 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 if out at the plate. 

The performance of the 6AN4 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 Gc is obtained with 
1.4 volts rms oscillator injection. The curve 
in Figure 7 Shows the variation of Ge and plate 
current with oscillator injection. A careful 
study of this curve shows that the Gc 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 
from grid to ground must be low for the received 
signal and the if signal. 
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Although cathode bias was 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 Ib 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 5C0 and 900 
mc 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 OSCILLATOR 

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 
second 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 ma and 
12 volts on vhf. 

Common causes for dead spots are resonance 
in the unused 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. 

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 
shown in Figure 8. Tuner A has two grounded 
grid rf amplifiers in cascade on vhf and uhf, 
Tuner B has a cascode on vhf and a single 
stage of amplification on uhf, Timer C has one 
stage of grounded grid amplification. All tuners 
have a 6AN4 grounded grid mixer and a 6T4 os-
cillator. Also, all three tuners tune the vhf 
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 table of the noise figures of tuners A, B 
and C, on Channels 2, 13, 14 and 83. Tuner B 
with its cascode vhf has equivalent performance 
on vhf as a cascode vhf tuner, but does not 
have a comparable uhf performance. Tuner A, 
however, has nearly an equivalent noise figure 
on vhf as a standard cascode and a comparable 
performance on uhf, It 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 peter gains for these same tuners on 
the same vhf and uhf channels. Here, we see 
that tuners A and C have the most uniform gains 
in going from Channel 2 to Channel 83. Hbwever, 
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 
dore without degradation of the vhf 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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Fig. 6 
VHF-UHF amplifier tuning. 
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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. 

I. 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 el is compared to the phase of a 
local oscillator signal e? in a phase discrimi-
nator D. The resulting discriminator 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 ani phase of a local os-
cillator 0 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 

If 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 el and the reference signal e2 can be 

written 

and 

e, = E, cos 

ea = E Sin cip 
2 • 

(1) 

(2) 

921 and 992 are functions of time and, for reasons 
of simplicity in the later development, it is ar-

bitrarily assumed that 'fi and 'f2 are in quadra-
ture when the system is perfectly synchronized, 
that is when 971 = y22. 

While one of the discriminator diodes is fed 
with the sum of el and ea /2, , the other is fed 
with the difference of these two vectors as shown 
in Fig. 2. The resulting rectified voltages Edi 
and Ed2 can be established by simple trigonometric 
relations. Defining a difference phase 

one obtains 

and 

- 

Ea 
Ed Ei2 Els.SitIce 

1. 

2. I 4  e- sir) ce 

The discriminator output voltage ed is equal to 
the difference of the two rectified voltages, so 

that 
z  

I n <f. (6) 
clz 

If the amplitude El of the synchronizing signal is 
larger than the amplitude E2 of the reference 

signal, one obtains 

Eci +EI2E 1 . z 

The discriminator output voltage then becomes 

ed. = since 

and is independent of the amplitude El of the 
synchronizing signal. A59,1 and (1192 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 

(7) 

ec = F (p) E:2 simp 

Assuming furthermore that the oscillator has a 
linear control characteristic of a slope S, and 
that the free-running oscillator frequency is W e , 

the actual oscillator frequency in operational 
notation becomes 

(8) 

P5P2 = t Sec 

Substituting equations 3 and 9 into equation 10 

then gives 

pier-SE2F(p)sinc.e.pyi-(-.). 

(9) 

(lo) 

(u) 

17P 



The product SE, repeats itself throughout this 
paper and shali be defined as the gain constant 

K e E 2, (12) 

K represents the maximum 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 of the 
local oscillator. One obtains 

pa* F(p) K cia rr p (13) 

This equation represents the general differential 
equation of the A.F.C. feedback loop. pseis the 
instantaneous difference frequency between the 
synchronizing signal and the controlled oscillator 
signal andpid is 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 frequencypyl is constant. If this differ-
ence frequency is defined as 

&40E-Zto9P1 .ccji-wo ) 

the steady state solution is 

Sin cf 2 '.) (15) 

This means the system has a steady state phase 
error which is proportional to the initial de-
tuning e‘..) and inversely proportional to the gain 
constant K. Since the maximum value of sin ye 
in equation 15 is 4,-1, the system will hold syn-
chronism over a frequency range 

Holut-in 

Equations 15 and 16 thus define the 
formance limit of the system. 

(14) 

(16) 

static per-

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 

p922. K F,(p) = kzl:Cp) cei. (17) 

This equation relates the output phase 992 of the 
synchronized system to the input phase 1 1. It 
permits an evaluation of the behavior of the 
system to small disturbances of the input phase, 
if the transfer function F(p) of the control 
network is specified. 

A. F(n) = 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 * Kfipx =HK:cel. (le) 

If the initial detuning is zero, the transient 
response of the system to a sudden step of input 
phase IqP1 1 is 

tit 
(t) = I — 

19°,1 
e (19) 

Likewise, the frequency response of the system to 
a sine wave modulation of the input phase is 

‘e, 
(20) 

The simple A.F.C. system thus behaves like an RC-
filter and has a cut-off frequency of 

coc=K atictns / sec . (21) 

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 

j 00 

-24° fi t/  • (14))1 
-c. 

(22) 

The integration has to be carried out from - oo 
to + cop since the noise components on both sides of 
the carrier are demodulated. Inserting equation 
20 into equation 22 then yields 

132=71-K ra °Li ns /see . (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. + p 
F(p) 

4-  

Networks of this type are called proportional 
plus integral control networke2 and typical net-
work configurations are shown in Fig. 3. Insert-
ing the above transfer function into equation 17 
yields 
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Pl cez +(-ir * 0;01399 ..LS. clo - 
(24) 

ic II r)fiP, ce, 
and ce2 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 

and 

4) K  

CO, 

)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 

is found from equation 27, yielding 

(4).' I 

K I max = 
(31) 

In this case the control network is reduced to a 
single time constant network (rl = o). On the 
other hand, if for a fixed value of eu” the gain of 
the system is increased towards infinity, the mi-
nimum value for w./K becomes 

= 0 . 
K 

(32) 

(25) Fig. 4 shows the transient response of the system 
for 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 

(26) 

K 

and 

With these definitions equation 24 becomes 

p (.7.72 + Ç,Ç GO, p <fez + fie 

(2 --k— )pc?, (-e, • 

(27) 

(28) 

(29) 

The transient response of the system to a 
sudden step of input OhaselelPil is found by in-
tegration of equation 29, and Ehe initial con-
dition for the oscillator frequency is obtained 
from equation 10. The transient response then is 

H e *[ 1_ cst'w„ t 

For < 1 the system is underdamped ( oscillatory), 
fors m 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«r< 1 2. The transient 
response of equation 30 can be plotted in dimen-
sionless form if certain specifications are made 
for the ratio).,/s'<. As the time constantri of 
the control network must be positive or can at 
most be equal to zero, the maximum value foron/K 

e 
2.tt< 

'd -i‘46)1.-, 

(33) 

Its magnitude is plotted in Fig. 5 for the two 
limit values ofce„/Kand for a damping ratio 
cf = 0.5. The curves show that the cut-off fre-
quency of the system, for = 0.5, is approxi-
mately 

racihans /sec. (34) 

If ce l and Lip2 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 

*oz, 

I  *  3 = GJ , I  
n  ot ( ,‘.... 

I 4  e) - el'  r wni - 
-.0 

(3 5) 

The integration, which can be carried out by 
partial fractions with the help of tables, yields 

(30) B,... 4—:<-n-  1 Tr40 (36) ,.  
.2. 

For small values of 4.)„/k , it is readily es-
tablished that this expression has a minimum when 
% = 0.5. Hence, the noise bandwidths for the 
limit values of and = 0.5 become 
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and 
B i 

= 7T4) = TtK 

— 

)3 I 
j"."` 

ra.ciian 5/sec 

/Sec-

(37) 

(38) 



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. 

C. 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 

oc..) .2-W.1500 
n 

= 180 000 radians /sec. sin ce Si 3 

Since K is large in comparison to the required 
bandwidth, the resonance frequency of the system 
is established from equation 38 

Tr • t000 
dian3 /sec . 

The two time constants of the control network, 
assuming a damping ratio of 0.5, are determined 
from equations 27 and 28 respectively 

and 

z' z _ 
K /000 

/80 000 
/coo 2-

-3 

/80000 10 _sec 

_ • /8 sec. . 

These values of K,V1 and r2 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 E2 a 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 R1 and 
become 4.7 km.. and 820 krt_ 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 in 
defined as the range of difference frequencies, 
pfie l, between the input signal and the free-run-
ning oscillator signal, over which the system can 
reach synchronism. Since the difference phase (10 
can vary over many radians during pull-in, it is 
necessary to integrate the non-linear equation to 
establish the limit 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 

pc? F(10) K since (39) 

Mathematically then, the pull-in range of synchro-
nization is the maximum value of ac..) for which, ir-
respective of the initial condition of the system, 
the phase difference ye' reaches a steady state 
value. To solve equation 39, the transfer 
function of the control network again must be 
defined. 

A. F(p) = 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 system 
synchronizes for all values of Plcai< K. The con-
dition for pull-in then is 

14")IPull-ie 4  K (40) 

Large pull-in range and narrow noise bandwidth 
thus are incompatible requirements for this system. 

B. 
F(P) - + 

Inserting this transfer function into e-
quation 39 and carrying out the differentiation 
yields 

#14.1 IL cos ?le 
(41) 

—K S <to - • 

This equation equation can be simplified by inserting the 
coefficients defined in equations 25 and 26, and 
by dividing the resulting equation by 44,2'. This 
leads to the dimensionless equation 

4.) 

eco 
+ vi cf - 

(42) 

A further simplification is possible by defining a 
dimensionless, difference frequency 

_ oége.  
3 — (43) 

and one obtains a first order differential equa-
tion from which the dimensionless time ¿ù,t has 
been eliminated. It follows 

oco 
- since. 

— `;4•- -Qs 
(44) 



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 (cf,) at all points of a Sp- ,y plane, 
except for the points of stable and unstable equi-
librium,roi sce/k .Si' 'f . The limit of synchro-
nization can thus be found graphically by starting 
the system with an infinitesimal velocity Au at a 
point of unstable equilibrium, m.o; ce=r-sin-1/10/K, 
and finding the value of acolg /br which the solu-
tion curve just reaches the next point of unstable 
equilibrium located at .40; qz3Tr-Sin-idso/K. The 
method is discussed by Stoker4 and has been used 
by Tellier and Preston5 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 4)n/k, a number of 
solution curves have to be plotted withmJ/K as 
parameter. The limit of pull-in range in terms of 
m.)/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 AcJiK is plotted as a function of 
canIK for a damning 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 /K -axis, with exception of the 
pointow/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% m 0.5. 
For small values of cen/K this pull-in curve can 
be approximated by its circle of curvature which, 
as indicated by the dotted line, is tangent to the 
M.« -axis and whose center lies on theten/K-wds. 
The pull-in range thus can be expressed analyti-
cally by the equation of the circle of curvature. 
If its radius is denoted by, the circle is given 
by 

\1 2 Go 2 

(- 1-C) (45) 

Hence, for /K- O , the pull-in range of syn-
chronization is approximately 

e, (ce,) 

ILICe Pult-ini tà 
•••..0 

(46) 

9can 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 ú)/K is proportional to the 
square root of the product of the cut-off frequen, 
cy cen 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 subh 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 4e n . 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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Fig. 5 
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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 some 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 
which 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 ccnductcrs on a 
plastic base, 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 standardization. 
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 Danko' and by Swiggert2 

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 authorsi. Recording of 

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 evolvedh-8, 14. 

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 900, to six inches per minute at 180°, 
to dead weights. 
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The rate of stripping for clad-laminates 
has been found uncritical up to six feet per 
minute, but gives results not correfa-Iie 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 "lift". 
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 lbs. to 19.5 lbs. 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, 
were 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 50 - 70°C. 
Some then fail completely at 1500 and others 
continue to show some adhesion even up near the 
limit of short-term thermal endurances of the 
best specimens. These are typified by Curves III 
and IV. A surmise of incomplete curing has been 
supported in some cases by examination of the 
bond layer. Notably, all materials have failed 
in the 10 seconds required to reach 240°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 D634-44 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. 4. 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 
citedl, 2. This is warranted also by the further 
finding, reflected in the tabulated data, that 
those clad-phenolics having the best cold ad-
hesion also best survived solder dipping. 

The values in the second and third col-
umns of Fig. 4 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 samples at the metal-plastic interface. 
The 240°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 
(a) 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 OPERATION 

a) 

b) 

c) 

d) 

e) 7 to 10 
f) 4 to 8 

1.5 to 4 

2 to 4 

1.5 to 3 

2 to 4 

sec. Tinning a small cleaned 
area. 
Soldering a lead to tinned 
area. 
Unsoldering joint made in 
(b). 
Soldering lead in punched 
hole 
Unsoldering ( d). 
Resoldering ( d). 

The temperature level reached by etched 
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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. In 
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 WADCY 
has yielded evidence that etching generally ef-
fects bond strength adversely; moisture condition-
ing before testing adhesive strength is also a 
generaLpgectice in the ASTM procedures 
cited U4-°). 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-816-46) and 
straight tension or "pull" ( per ASTM D-429-47T) 
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 D150-47, 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 D257-49 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 repigted by the Minnesota 
Mining and Mfg. Company' 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 q to 102°C. 
Reference to existing standards 139 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 600C. Varnished cambric 
(Type V) is rated at 85°C and asbestos insulations 
start at 900C. 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 rise 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 
24,000 amps, per square inch in groups of 1/8" x 2 
oz. 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. 14a 
is shown how the component may be properly backed 
by lead binding, and 14b 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 ( 15c); 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-

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. 

4) 

5) 

6) 

7) 

8) 

9) 
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A COLOR TELEVISION RECEIVER FOR THE NTSC SYSTEM 

by Kenneth E. Farr 
Westinghouse Electric Corporation 

Metuchen, N. J. 

Introduction 

This paper will describe a compatible color 
television receiver. Its basic circuits will be 
described and illustrated by block diagrams. Photo-
Photographs of the receiver are also included. 
The receiver to be described may be considered a 
"medium-grade" type. It is capable of producing 
good commercial quality color pictures. Either 
more elaborate or less expensive designs can be 
produced within ple framework of the NTSC system. 
This receiver is intended to be an approach to-
ward a commercial production design. It uses an 
RCA tri-color kinescope tube producing a picture 
equivalent in size to a 12i" black-and-white 
picture. 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 sync 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 receiver 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-band 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 the first 
video stage, with DC suppressor bias variation far 
master contrast control. Good linearity and uni-
form pars-band with changes in contrast control 
setting are required in this stage, since the 
color 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 video amplifiers receive 
identical signals, which are applied to the three 
guns of the tri-color tube to produce a monochrome 
picture. 

The resistors from the output of the first red 
and blue video stages to the input of the first 
green video are for color 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 this 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 to the gains of the respective guns 
to provide the same colcr balance for all gradatbxe 
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 va2ue 
for the RCA tri-color tube. Fine adjustments of 
color balance are made by varying the screen volt-
age and grid bias of each gun of the picture tube 
individually as required. 

This video amplifier is AC coupled, and DC 
restorers are used as shown on the red, green and 
blue outputs. It is 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. Possibly some 
form of keyed clamp will be a better solution and 
will be tried as soon as time permits. 

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 Sipnal 

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 signals 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 
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spectrum. The modulated sub-carrier is added to 
the brightness video signal 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 invisible on most black-and-white 
receivers. 

In Figure 2 is shown a specification of the 
NTSC signal. The equation at the top is 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', end in the brackets a color 
sub-carrier consisting of two parts. The chromin-
ance information which is modulated onto the sub-
carrier is formed in two packages, EQ' and Er. 
EQ' lies along an axis of the CIE color diagram 
passing from purple through white to green while 
the EI' 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 900 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, EQ' 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, 

as well as the chrominance signals EQ' and 
E/1, is shown alongside the vector diagram. The 
primes refer to gamma correction of the signals in 
all cases. The compositions of EQ' and EI' 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 (ER'-Ey') and 
(EB'-Ey'). Since the bandwidth of EQ' is limited 
to 500 Kc. these relations hold true only up to 
500 Kc. The equation second from the top, and the 
dotted vectors, are alternative ways of specifying 
the NTSC signal for color video frequencies below 
500 Kc. 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 Is 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 shown 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, either EQ' and Er 
or (FR'-ET .) and (Ep'-Ey') could be recovered. 
The medium-grade receiver under discussion here 

utilizes only atout 600 Kc of color bandwidth, and 
recovers (ER'-Ey') and (EB 1-Ey') directly. 

A simplified diagram of a color transmitter 
encoder is shown in Figure 3 to illustrate the 
generation of the NTSC color signal. If a tri-
color picture tube is substituted for the camera, 
and the signal paths are traced from right to left, 
this figure would then be a simplified illustration 
of a color receiver utilizing the entire trans-
mitted chrominance signal. 

Pass-band Considerations  

The transmitted frequency spectrum of the sig-
nal, and to the same scale, the idealized RF-IF 
response, are shown in Figure 4. It should be 
noted that the E' component is transmitted full 
double side-band, while the wider band El' is trans-
mitted with vestigial side-band. The receiver be-
ing described 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 chrogin-
ance bandwidth available in the F1' signal, along 
the orange-cyan axis. This "wide-band orange-
cyan" type receiver could be considered a deluxe 
ceiling performance receiver. 

The receiver response at the bottom of the 
figure is represented here as being 6 db down at 
the picture carrier in the convential manner, and 
6 db down at aprroximately 4.1 Mc. at the upper end 
of the pass-band. It is desired, hoever, to have 
the effective response to the color demodulator in-
puts flat over a somewhat wider range to utilize 
as much as possible of the double-side-band portion 
of the sub-carrier. 

Figure 5 illustrates how this is accomplished. 
The sub-carrier portion of the transmitted spectrum 
is reproduced at the top for reference. In the 
center is shown, in dotted lines, the IF pass-band 
from Figure 4. Also shown here, in solid line, is 
the chroma amplifier pass-band. This is the pass-
band 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 chrome 
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 Kc 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 pass-
band does not. For this reason, as well as the 
practical difficulties encountered in matching the 
slopes of in IF and a video response, a 6 db boost 
in the chroma amplifier pass-band was felt to re-
present the maximum practicable amount of compensa-
tion. A further limitation on the amount of upper 
side-band which the receiver can use is the require-
ment that the chrominance pass-band be well down 
(about 30 db) at 4.5 megacycles so that the sound 
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carrier will not produce a 920 Ke beat in the tegrated and used to control the frequency and 
phase of the local oscillator. chrominance output. 

Chrominance Channel 

The chrominance channel, with a portion of the 
monochrome video channel duplicated, is illustrat-
ed in Figure 6. The chroma amplifier receives the 
color sub-carrier signal from the output of the 
first video stage. The saturation control, which 
is a panel control for the viewer's use, varies the 
gain of this stage. It can be set to zero for 
monochrome signals. The synchronous demodulators 
are 6AS6 tubes with suppressor injection. The out-
puts of these demodulators are (F'-Ey') and 
(E'-Ey'). These outputs are combined with Ey' in 
the resistive adders to form ER' and Ep'. 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 signals are supplied 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 E13 1, respectively. Connecting 

these plates to the green video input now functions 
to produce the green signal EG', by subtracting 
the appropriate amounts of ER' and Ep' from Ey'. 
(It will be recalled that Ey' is made up of a 
linear addition of EG', ER' and EE'.) The signals 
ER', ER' 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-
nishes injection to the demodulators, is illus-
trated in Figure 7. The output of the chroma 
amplifier contains, in addition to the color video 
information, the color synchronizing burst. In 
order to separate this burst from the color video 
information, a gated amplifier is used. The out-
put of the chroma amplifier is applied to the 
burst amplifier, along with a gate pulse from a 
multivibrator triggered by the trailing edge of 
the horizontal retrace. The output of the burst 
amplifier then consists only of the color synchro-
nizing burst, which is applied to a balanced phase 
detector. The output of the self-excited local 
oscillator is also applied to the phase detector. 
The DC error signal from the phase detector is in-

Auxiliary Circuits  

The high voltage supply for the tri-color 
kinescope is a regulated fly-back supply deliver-
ing 20,000 volts at 700 microamps. This has been 
described in a recent RCA License Lab. Bulletin.' 
A 6V6 is used for the vertical output. Both hori-
zontal and vertical oscillators are multivitrators. 
Dynamic convergence circuitry used for the tri-color 
tube is essentially the same as developed by RCA2. 
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 chassie 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 which 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 
behind center cross-bar, which is actually a trap 
door. Additional service controls are on the rear 
of the chassis. 

Swam Ty 

To summarize, a receiver has been described 
which may be considered to be an approach to a 
commercial product. It is a medium grade 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. 10 - Receiver in cabinet - rear view. 

Fig. 9 - Chassis - bottom view, 

197 

Fig. 11 - Receiver in cabinet - front view. 



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. J. 

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, music, 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 chemistry, 
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 

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. It 
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. 

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. Furthermore, 
teachers in training and visitors can 
study classroom procedures and student 
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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. 
Further, 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 
pickup 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. 

Zn 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 operation. 

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 lows. 
velocity beam. The video signal is 
obtained from the target electrode 
(Fig. 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-circuit 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. 

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. 
Lastly, 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. 

199 



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 line to 
the receiver. A simplified schematic 
diagram of the camera is shown in 
Figure 4. The oscillator frequency may 
be adjusted 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 
receiver horizontal coils as shown in the 
schematic of the control box in Figure 5. 
The transformer is used rather than a 
direct connection because in many 
receivers 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 horizontal 
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 

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. Its 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 Vidicon 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. 3 
RCA 6198 Vidicon. 
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Fig. 2 
Home uses of camera adapter. 

-6u8 - 

RORIE 

 - VERT 

Fig. 4 
Schematic diagram of camera. 
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Fig. 5 
Schematic diagram of control box. 

Fig. 7 
Canera adapter in use with 
3tandard television receiver. 
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Fig. C 
Interior view of canere. 

Fig. 8 
Control box and adapter plugs. 






