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A RESONANT COAXIAL -STUB 
AS AN AUTOMATIC EQUALIZER 

G. V. Rao 
Radio Corporation of America 

Camden 2, N. J. 

Abstract 

This paper describes a novel application 
of a resonant coaxial -stub which is very short 
in comparison with the shorter wavelengths in 
the video spectrum. As far as the principle 
of operation is concerned, the designation 
"resonant reactance stub" appears to be an ap- 
propriate term for the short piece of the co- 
axial cable used in this application. The 
stub provides automatic equalization at the in- 
put of a video circuit which presents a chang- 
ing capacitance from time to time as a result 
of the incidence of additional video loops with 
appreciable input -capacity. 

The coaxial -stub has some interesting ap- 
plications in video work, (1) as an automatic 
equalizer in color and monochrome video switch- 
ing systems,(2) for high -frequency equalization 
of the video distribution cables used in tele- 
vision studios and (3) as an input high -fre- 
quency matching device in video distribution 
amplifier systems. 

Introduction 

It is well known that a coaxial cable, as 
a passive transmission line network with dis- 
tributed constants, produces resonant effects 
due to combination of incident and reflected 
waves when it is terminated by a load imped- 
ance that is appreciably different from its 
characteristic impedance. The voltage and 
current distributions from the receiving end 
onward depend upon the exact nature of the ac- 
tual terminating impedance used, but always 
follow cyclic variations of maxima and minima, 
as a function of an exact multiple of a 
quarter -wavelength at the frequency of inter- 
est (Fig. 2). A progressive lag of 3600 per 
wavelength takes place during the transit from 
the generator to the load, mostly around the 
voltage and current minima. By confining the 
attention to a quarter -wave resonant line, we 
can say that the resonant stub acts like a 
step-up transformer at the corresponding fre- 
quency when it is terminated by (1) an open - 
circuit or (2) a high resistance or (3) a ca- 
pacitive reactance or (b) a capacitive reac- 
tance with a resistive -shunt. As an extention 
to the above statement, we can say that a 
fixed length of a short resonant stub will have 
a progressively diminishing step-up ratio as 
the transmitting frequency is lowered. The im- 
pedance of this line in the vicinity of the 
resonant frequency varies according to exactly 
the same law as that applicable to the imped- 
ance of a series resonant circuit. 
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If the above resonant stub is further 
shortened to a small fraction of A/4, the 
sending -end impedance primarily becomes re- 
active with a capacitive reactance and a low 
power factor, and is proportional to the char- 
acteristic impedance, and varies cyclically 
with length. The Q varies with line propor- 
tions and frequency according to the same law 
for both the Ä/4 resonant line and the reac- 
tance stub. In general, the reactance pre- 
sented by the "resonant reactance stub" (as 
the coaxial -stub under consideration is termed) 
enables a very high selectivity, and therefore 
the lowest loss. 

General Equalizer Action 

Figure 3 gives an enlarged view of the 
voltage distribution characteristics for a 
resonant reactance stub, with an open -circuit 
at the receiving end, at three frequencies of 
interest in the video pass -band. If the stub - 
length is chosen, for clarity saka, say a 
fraction like A/16 at 6 Mc (the actual length 
may be of the order of a quarter of this frac- 
tion), a sending -end voltage En of the volt- 
age distribution curve at 6 Mc is stepped up 
to Er at the receiving end. The same stub can 
then be considered as an equivalent length 
A/32 at 3 Mc. In this cases the step-up 
function involved produces a slope of tan e2 
which is much smaller than tan el for the 6 Mc 
case; and so the process extends down to the 
lowest frequency of interest. The desired 
video pass -band and the actual length of the 
short stub chosen determine the highest video 
frequency at which the boost is effectively 
maximum. 

If under prevailing conditions at the in- 
put of a video circuit, there is at the outset 
a gradual fall -off of the output frequency re- 
sponse at 6s3, and 1.5 Mc from the normal out- 
put level indicated by d to the levels indi- 
cated by a, b and c respectively, it is clear 
from the graphic representation of the slopes 
obtained from the three voltage distribution 
characteristics and the short resonant stub 
(Figs. 3 and 11.2) that a process of equaliza- 
tion takes place to maintain a flat response 
characteristic at the receiving end along the 
reference level d at the three frequencies un- 
der consideration (and the whole pass -band of 
interest), provided the optimum length of the 
stub and the extent of deterioration in the 
original high frequency response match 
one another. The optimum length for the 



requisite pass -band is best determined by exper- 

iment, since'an analytical computation with the 

stray inductive and capacitive variables in- 

volved in practice will prove to be far too 

complex. 

It is seen from Fig. 2.5 that a compara- 

tively high resistance termination is fairly ef- 

fective in reducing the slope of the resonant 

characteristic of a transmission line. The re- 

sult is something analogous to the effect of a 

damping resistance in a series resonant cir- 

cuit. Therefore the stub -termination at the 

receiving -end (whether it should be left open - 

circuited or terminated by an appropriate high_ 

resistance) is best decided in the light of the 

actual requirements of a specific case of appli- 

cation. 

Process of Automatic Equalization 

The performance of the resonant reactance 

stub at the video channel input of, say, a 

multi -output switching system is a further de- 

velopment to the above general equalizer ac- 

tion. In this application, the stub is re- 

quired to maintain a satisfactory system re 

sponse characteristic automatically, while it 

is associated with a changing capacitive load 

on the input video bus, as the switching manip- 

ulation takes place for various number of output 

conditions from time to time. 

Incidentally, at the present state of the 

art, a video switching system is "peaked" for 

the worst case of capacitive load on the input 

bus, and the capacity of each output video bus 

is replaced by means of a relay in the release 

position of each output by an equivalent capac- 

itor. This capacitance then makes a lumped 

constant parameter for a specially designed 

constant -K LC transmission network along the 

input video bus. The actual method of equali- 
zation is in practice very cumbersome indeel. 

With the resonant reactancé stub, the subtle 

process of automatic equalization takes place 

in the following manner. 

When a transmission line is terminated by 

a capacitive reactance, that is equal in mag- 

nitude to the characteristic impedance of the 

line at the frequency of interest, the r.m.s. 

voltage and current distributions along the 

line take the form shown in Fig. 2.6. The 

distribution is essentially of the same charac- 

ter as that of a transmission line with an 

open -circuit at the receiving end, except that 

the distribution curves exhibit a marked ten- 

dency to a shift -in -toto toward the receiving 

end. And it can be shown by plotting the volt- 

age distribution curves for various capacitive 
loads that the shift referred to increases as 

the capacitive reactance is reduced. Since 

the sending -end impedance of a short resonant 

reactance stub as shown in Fig. 2.3 is extremely 
high towards the receiving end, the capacitive 
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reactance at the receiving end is all that mat- 

ters. But the capacitive reactance is inversely 

proportional to frequency. Hence it is seen 

that the shift -in -toto of the voltage distribu- 

tion curves in Fig. 4.1 increases with frequency 

for a preselected capacitive termination. 
That is, as far as the short length of the stub 

is concerned, the slope of response obtainable 

with a capacitive load is one of a higher de- 

gree. Thus, where a higher slope for the high 

frequency boost is desired, the capacitive, 

termination presents an effective means, pro- 
vided the resultant envelope delay distortion 

in the actual pass -band is negligibly minute. 

If a small amount of envelope delay distortion 
is originally present, due to a rapid fall -off 

of h.f. response the reactance stub will na- 

turally improve the situation, by cancelling 
part of the original distortion, while it pro- 

duces the increased boost at the higher fre- 

quencies in the pass -band by virtue of the ca- 

pacitive load, which by itself is otherwise 

responsible for the original fall -off. 

For a clear understanding, the operation 

of the reactance stub as an automatic equalizer 
is graphically explained by referring to its 

actual application in a complex video switch- 
ing system. Referring to Fig. 5.1, if the ca- 

pacitive load is halved by the output switch- 
ing manipulation, the capacitive reactance at 

each frequency under consideration is doubled 
in magnitude and the shifts -in -toto of the 
voltage distribution curves away from A /4 po- 

sitions are progressively reduced. It is clear 

from Fig. 5 that the three voltage distribution 

curves at 6, 3 and 1.5 Mc shift automatically 
to give reduced slopes for the voltages obtain- 

able at the receiving -end of the stub in the 
new situation. The new order of the exponen- 

tial voltage step-up with increasing frequency 

gives a lower overall slope for the various 
frequency components in the video spectrum, 
(Fig. 5.2) and this is naturally compatible 
with the effect of a reduced capacitive load 
due to the stacking of a less number of output 
video buses across the line termination. A 

high resistance across the receiving end of the 
reactance stub merely provides a kind of fine 

control for the slope of a fixed length of the 

stub at each video channel input. How effec- 

tive is the process of automatic equalization, 
that takes place to maintain a flat video fre- 
quency response characteristic under two switch- 
ing conditions, viz. two outputs and four out- 

puts across a video channel in a complex 1S - 
channel video switching system, is shown in 
Fig. 6. Response characteristics a' and b', 

reproduced in Fig. 6, indicate the exact na- 
ture of the results obtained in the actual 

switching application. It may be noted that 
the input capacities involved are of the order 
of as much as 200 to 400 ppf. 



Practical Examples 

1. In the case of the above 18 -channel 
switching system, the channels are divided into 
three 6 -ch. sections in order to compensate the 
long connecting leads used for the output video 
bu s es in the lower sections by means of small 
peaking coils in the upper sections. These 
coils and lead -lengths produce a semblance of 
"stub" effect over and above the desired ac- 
tion of the chosen two -foot resonant reactance 
stub for a particular channel. As a counter- 
measure to the undesirable "stub" effects, the 
slope of the reactance stub (of a fixed length) 
at each channel input is gradually lowered 
from the top to the bottom by terminating each 
coaxial -stub with a high resistance that di- 
minishes in value from the top to the bottom. 
The coils are heavily damped to prevent their . 

electrical lengths from interfering with the 
smooth process of automatic equalization accom- 
plished by the chosen stubs under the various 
output switching conditions. In fact, a small 
coil with a high Q can approximately perform 
like a stub in much simpler applications on 
the same principle. A thin copper strip is 
preferred for the various video connections so 
as to obtain maximum discontinuity for the un- 
desirable "stub" effects. An 18-channel/4- 
output video switcher, was found to give after 
the above custom -modification an overall re- 
sponse performance within 1% at 3.6 Mc, and 
within 2 to 3% at 6 Mc under the worst switch- 
ing conditions, and better performance towards 
the high frequency end (beyond 6 Mc) under less 
severe switching conditions for all the 18 
channels. Without the resonant reactance stub, 
the normal output was down by 7 to 10% at 3.6 
Mc, and 20 to 259 at 5.5 Mc under the worst 
switching conditions (with 4 outputs "ON") for 
some of the channels. 

As compared to other conventional methods, 
the experimental design with a reactance stub 
is very simple, and no additional video relay 
contacts are involved. The variable -slope 
technique used for the various channels mini- 
mizes the delay connected with the longer path - 
lengths, and makes the phase -shift negligible 
between the various channels and the various 
outputs. And problems of cross -talk are mini- 
mized by eliminating the use of coils etc. 
along the video input bus for each channel. 

2. A coaxial -stub (RG -59/U),18" long, 
open -circuited at the receiving -end (with line 
termination at the sending -end of the stub), 
was found to equalize a length of about 45 feet 
of RG -59/U coaxial cable right up to 10 Mc. 
The short reactance stub by itself has.negligible 
insertion loss. It is normally impractical to 
use equalizer networks with insertion loss for 
short lengths of distribution cables; nor is it 
desirable to peak a piece of video equipment 
for the h.f. losses in the preceding distribu- 
tion cable, which might be changed over by re- 
mote switching from time to time. The resonant 
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reactance stub is thus a simple solution for 
individually equalizing studio distribution 
cables (Fig. 8). ' 

3. The coaxial -stub serves, in particu- 
lar, as an excellent input high frequency 
matching device when a large number of distri- 
bution amplifier modules (with single output 
connections) are looped across a common video 
input. A flat frequency characteristic is 
maintained at the output of each DA module 
right to 8 Mc or so, irrespective of the total 
input capacity contributed by the DA modules 
"IN" at any instant. The optimum length of 
the coaxial -stub is, as explained, determined 
by (1) the desired cut-off frequency and (2) 
the total capacity due to the maximum number 
of DA modules allowed -(Fig. 9). 

The resonant reactance stub, in general, 
allows the insertion of one or more additional 
video units at the termination of a video dis- 
tribution cable without any noticeable impair- 
ment to the frequency response of the respective 
outputs. The coaxial reactance stub is hence 
a very useful and handy device in installation 
work connected with television studios. 

Conclusion 

The basic theory of the reactance stub is 
extensively dealt with in literature. As far 
as the practice is concerned, the simple reso- 
nant reactance stub provides a very attractive 
method for accomplishing automatic equalization 
in video systems which present the problem of a 
changing capacitive load from one instant to 
another. Usual equalizer network design does 
not offer any scope in this particular direction. 
A solution to problems of this kind is of vital 
importance especially in color television systems, 
and the simple experimental technique involved 
in the design of a short coaxial stub, with a 
given characteristic impedance, for a single 
parameter, viz. length (and a terminating high 
resistance in some cases) appears to present a 
reliable and effective answer. 
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Appendix 

Theoretical Interpretation 

A coaxial cable is basically a passive 
transmission line network in which (1) the 
physical dimensions are comparable to the wave- 
lengths of the currents flowing and (2) the 
series resistance and inductance of the conduc- 
tor, and the shunt capacitance and leakage be- 
tween conductor and screening are considered as 



distributed along the length of the cable. 

It is well known that a transmission line 

can be operated as a resonant or non -resonant 

device in accordance with the choice of load 

impedance at the receiving end, as compared to 

the iterative or characteristic impedance of 

the line. 

If the receiving load ZL is a puro resist- 

ance equal to the characteristic impedance Zo, 

the line is non -resonant since no reflection 

occurs, and the voltage and current distribu- 

tions follow an exponential law as shown in 

Figure 1, allowing transmission of power at 

unity power factor. 

R71Jan 
Zo= GJoe 
where R and 0 are resistance and conduct - 

(or leakage) per unit length of line. At ra- 

dio frequencies, cJ is so large that R and G 

can be neglected. 

L 
Z0 = 

The actual characteristic impedance is de- 

termined by the physical construction of the 

transmission line, and in the case cf the coax- 

ialJ.2 

line, b 
T.- --g10 a Z.: E 

where E is the dielectric constant of the in- 

sulation material filling the line, 'b' is the 

inside diameter of outer screening and 'a' is 

the outside. diameter of the inner conductor. 
The resistance R is determined largely by the 

skin -effect and is given by: 

ii = 41.6 j( á 71 712)10-9 ohms/cm. 

However, if the load impedance is appreci- 

ably different from the said characteristic im- 

pedance, resonance effects are produced due to 

combination of incident and reflected waves, 

and the voltage and current distributions at 

the frequency of interest follow, as in Figure 

2, cyclic variations of maxima and minima as a 

function of an exact multiple of a quarter wave- 

length from the receiving end. The reflection 

coefficient of the standing -wave pattern so cre- 

ated at that frequency is determined by the ra- 

tio of ZL/Z0 as given by the equation: 

Reflection Coefficient (ZL/Z0) - 1 

at receiving end, P -ZL/Z0) 71 1 

In travelling from generator to load, 
there is a progressive lag of 3600 (or 2 TT 

radians) per wavelength; but instead of taking 

place at a uniform rate (as in the case of a 

non -resonant line), most of the phase -shift 
takes place around the voltage and current 
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minima as shown in Figure 2. The ratio of max- 

ima and minima in a distribution depends on the 

resistance per unit length. The value of R di- 

minishes at higher ratios. 

The general expression for the sending - 

end impedance is given by: 

(Z0 71 

ZL)eT'L 
- (Zo - ZL)e - 

Zs=Zo 
(Zo ZL)eVL / (Zo - ZL)e -?'L 

where y' is called the propagation constant, 

and is given by: 

= d 71 je, 

tand /b being the attenuation constant and the 
phase -shift constant respectively& 

d _jiJ(R2,42L2)(G272C) / (Ra -? Lc) 

and /N 4iJ(R2/02L2)(G2, C) - (Ra-m2LC) 

The general expression for the rms voltage is 
given by the equation: 

Ex .JA2e 2tx 2e2a(x/2AB cos (SA -S3 -2,4x) 

and it will have maximum and minimum values 

along the line whenever B X0, since cos 

(SA -SB -4x) changes more rapidly than e2Kx. 
When attenuation is negligible and A : B (with 

complete reflection, and no absorption of 

power), the above expression reduces to: 

Ex :J 2A2 - 2A2 cos (5A - SB - 23x) 

Thus along the transmission line there are po- 

sitions, where Ex _ 2A, called voltage -loops 
and others, where Ex = 0, called voltage -nodes. 

In order for A to equal B, 

e2Y1 
= 

ZL - Zo 
ZL Zo 

For any line, a multiple of a quarter -wave- 
length long, with a negligible attenuation, 

e274 e e 
jnfr where n is an integer. Hence 

true standing -waves will occur as shown in 

Figure 2 when ZL = 0 or ZL = 00 (short-circuited 
and open -circuited lines, respectively). 

For an open -circuit at the receiving end, 
the sending -end impedance, Zs is then simplified 
to: 

Er cosh (oc{ ROC 
Zs 

= 
Es/Is - (Er/Zó sinh 

Z0 

Zs - tanh (cY1 j,e) 

where L is the line -length, E is the voltage 
at the receiving end,and (q,' jj3) is the propa- 
gation constant of the line. x and ß are both 



functions of frequency, andji is now given by: 

CO3n7c 

Voltage and current distributions for 
transmission circuits with 'distributed' con- 
stants are shown in Figure 2 with standing -wave 
conditions existing under different terminating 
conditions at the receiving end. Figure 2.3 
and 2.14 give the characteristics for the sending - 
end impedance of the line corresponding to Fig- 
ures 2.1 and 2.2. The power -factor passes through 
unity whenever either the voltage or the current 
is at a minimum, and stays put at nearly 900, 
leading or lagging, for other conditions. 

It is clear from Figures 2.3 and 2.4 that 
the impedance of a transmission line at the 
sending -end, looking towards the receiver, 
more or less follows the voltage distribution, 
being (1) very high for a voltage maxima and 
(2) low for a voltage minima. 

Changing the frequency naturally alters 
the number of maxima and minima occurring in a 
given length of line, but it does not alter 
the line behavior in any way. And the dis- 
tance, along the line, corresponding to a wave- 
length is given by the expression: 1 

ffmc 

The length of the resonant stub used in 
the present application is a mere fraction of a 
quarter -wavelength at the higher frequencies of 
interest in the video frequency spectrum. Con- 
sidering a quarter -wave resonant line, to start 
with, for a closer investigation into the theo- 
retical aspect of the solution, it is clear 
from Figure 2.1 that a quarter -wave resonant 
line with an open -circuited receiver (or a 
high resistance termination) produces a change 
in voltage from the sending end toward the re- 
ceiving end that closely resembles that_of a 
series resonant circuit. 

Receiving -end voltage Er= 
step-up ratio. Sending -end voltage - Es 

The quarter -wave resonant stub acts like 
a step-up transformer under this condition at 
the corresponding frequency. As the frequency 
is varied slightly about the resonance, the im- 
pedance of the line varies according to exactly 
the same law that is applicable to the imped- 
ance of a series resonant circuit. When the 
stub is an even number of quarter -wavelengths 
long, the law applicable is that which corre- 
sponds to parallel resonant circuits. The se- 
lectivity of the quarter -wave resonant line is 
given in terms of a selectivity factor Q by 
the following expression. 

2TTZo 
Rc 

where c is the velocity of light. 
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For a concentric line, it can be shown 
that, 

Q 0.0839 b.H 

where H ie a function of b/a and is less than 
1. 

And ratio of voltage step-up 8Zof 
--AEU 

where n is the number of quarter-wavelenghts 
in a line. In the present case, n is equal to 
unity. 

Since the voltage step-up ratio in the 
vicinity of resonance has exactly the same 
type of selectivity characteristic as the 
voltage step-up in an ordinary resonant circuit, 

2TTZo 
Rc 

and the step-up ob- 
tainable for a guar- 

Rnc 2 
f 

- 82ofx 2R 

0 TT 
ter -wave resonant line 

Thus the step-up obtainable with a .1/14 reso- 
nant stub is greater than that obtained with a 
simple resonant circuit. Unlike ordinary reso- 
nant circuits, this step-up tends to increase 
with (1) frequency (as an additional advantage) 
and (2) higher Q obtainable with resonant 
lines. 

The sending and receiving impedances can 
be shown to be related to the characteristic 
impedance of the quarter -wave resonant stub by 
the equation: 

Zo = Z;27, 

where ZL is the receiving load impedance. 

When a resonant line, that is open or 
short-circuited at the receiving end, is a 

fraction of a quarter -wavelength, the sending - 
end impedance is primarily reactive with a low 
power -factor. The nature of the reactance can 
be seen by re -arranging equation for Zs,given 
by the following expression for a resonant 
transmission line of a length suitable to give 
high sending -end impedance. 

Zs - 8Zo2f 
Rnc 

Neglecting terms that are unimportant at 
or near resonance, the following equation may 
be derived from the above equation: 

Rc (I/A) Zo 

Zs = 2f sin22T7(L/,1) J 
tan 211(0) 

This equation, of course, does not hold 
when I/A approaches an integral number of 
quarter -wavelengths. 



The reactance component of Zs, from above 

equation , is proportional to Zo and it varies 

cyclically with length. Thus the reactance 

can be varied by either altering Zo or the 

length of the stub. 

The (reactance/resistance) component of 

can be referred to as the selectivity -factor 

the 'reactance' stub, and 

Zo . sin 4Tr(L/,1 ) 

Rc X (0/A) 

Comparing this with Q for a A/4 resonant line, 

Zs 

of 

Q-2TTZop Rc 

it is seen that Q varies with (1) line propor- 

tions and (2) frequency, according to the same 

law, for both the impedance of the quarter -wave 

resonant line and the 'reactance' stub. Also 

the Q of the 'reactance' stub under reference 

compares favorably with that of the quarter -wave 

resonant line. 

In general, the reactance obtained by a 

"reactance" stub varies far more rapidly with 

frequency than does the ordinary reactance 

with lumped constants, and the line has, of 

course, comparatively a very high selectivity. 

A short-circuited stub less than a quarter - 

wavelength long behaves like an inductive -re- 
actance with the lowest loss, and an open - 

circuited stub less than a quarter -wavelength 
long behaves like a capacitive reactance with 

the characteristics explained above. And it 

is in this form, the short resonant coaxial - 

stub is used in the present application as an 

automatic equalizer. 

SEND 
zs 
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Resonant Reactance Stub as an Automatic Equalizer 

How the voltage distribution characteris- 

tics for two different capacitive loads shift 

in phase to give the requisite variation in 

slope can be shown by plotting the resonance 

curves for the first quarter -wavelengths at 

two frequencies under consideration by means 

of the following equation: 

= 
e-7`' X 

Ber' 
X 

where r' is the propagation constant, 

(Zo / EL) er'L Eo 
A 

(Z0 ,L ZL) er'L - (Z0 - ZL) e 
y'L 

and B : (ZL - Zo) e x' . E0 
(Zo 4 ZL) 4114 - (Zo - ZL) e7'L 

Zo is the characteristic impedance of the cable, 

E0 is the impressed voltage; and (1) ZL = Xc.l 

and (2) ZL . 4.2 for the two characteristics. 
These two characteristics are employed to eval- 

uate the slope of equalization for the length 
of the stub used under conditions of two dif- 

ferent capacitive loads across the receiviñg 

end of the stub. 
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Fig. 2.1 - Voltage and current distribution charac- 
teristics for a (resonant) transmission 
line open -circuited at the receiving -end. 
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Fig. 2.3 - Change in sending -end impedance with 
length when the transmission line is 
open -circuited at the receiving -end. 
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Fig. 2.5 Voltage and current distribution charac- 
teristics for a (resonant) transmission 
line terminated by a resistor that is 
appreciably larger than the character- 
istic impedance of the line. 
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line short-circuited at the receiving - 
end. (Inductive reactance termination 
is similar to the short-circuited case 
except that the waveforms are bodily 
shifted like those in the capacitive re- 
actance case, shoen in Fig. 2.6). 
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Fig. 2.4 - Change in sending -end impedance with 
length when the transmission line is 
short-circuited at the receiving -end. 
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Fig. 2.6 - Voltage and current distribution charac- 
teristics for a (resonant) transmission 
line terminated by a capacitive react- 
ance that is equal in magnitude to the 
characteristic impedance of the line. 
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Fig. 3 - The voltage distribution characteristics of a short resonant coaxial -stub (open -circuited at the 

receiving -end) at 6, 3, and 1.5 Mc., depicting its performance as a general high frequency equal- 

izer. If da, db, and dc are system attenuations at 6, 3 and 1.5 Mc. respectively, stub L equal- 

izes their amplitude response to the desired output level d at the receiving -end. Actual stub 

length used: approximately a/60 at 6 Mc. 
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Fig. 4.1 - The voltage distribution characteristics of the resonant coaxial stub at 6, 3 and 1.5 Mc. 

Curves in dotted lines: Open -circuit at the receiving -end. Curves in full lines: Capacitive - 
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Fig. 5.1 The voltage distribution characteristics of the coaxial -stub at 6, 3 and 1.5 Mc., depicting 
its performance as an automatic equalizer when it is terminated by a changing capacitive - 
reactance. Curves in dotted lines: Xc termination corresponding to 400 µµF. Curves in full 
lines: Xc termination corresponding to 200 µµF. 
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Fig. 6 Curves a and al: Frequency response characteristics of the system 
with X termination corresponding to 200 µµE across the receiving - 
end before and after equalization respectively. 

Curves b and b1: Same as above, with Xc termination corresponding 
to 400 µµF. 

Curves A and B: Voltage output versus frequency characteristics of 
the coaxial -stub (from Fig. 5.2) with Xc terminations corresponding 
to 200 and 400 µµF respectively. 
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Fig. 7 - 18 -channel, combined color and monochrome video switching system with 
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a: 75 -ohm channel input termination is split to lower inter -channel 

cross -talk at 3.58 Mc. to a negligible level, below - 40 db, 

under the worst switching conditions. 

d,b: Video input and output buses (copper strip, half -inch wide) are 

mounted in a slanting position. (Video output buses b are 

mounted on the opposite side.) 

c: Partial compensation for the connecting leads extending to the 

two lower six -channel groups. Resistors 1.5K, 1K, 470, 180, 

etc. present the variable -slope technique employed for each 

video channel in order to compensate the stub -effect of the 

longer video output buses. The path -length delay is thereby 

equalized at 3.58 Mc. 
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TELEVISION ANTENNA SYSTEM MEASUREMENTS BASED ON PULSE TECHNIQUES 

Donald W. Peterson 

I, Echo effects in a TV antenna system 

The typical modern TV broadcasting 

antenna is mounted on a tower perhaps 

1000 to 1500 feet high. The tower may 

be several hundred feet from the trans- 

mitter. This means that transmission 

lines for delivery of transmitter power 

to the antenna will be in the order of 

1000 to 2000 feet long. Most lines in 

use are 3", 6", and 9" coaxial lines 

although waveguide is used in some sys- 

tems. There is a trend toward lines 

both longer and larger than the 3" size 

used in early systems. Ordinarily, 

there are 3 or 4 elbows and a gas stop 

somewhere in the vicinity of the antenna 

and half a dozen or more elbows and a 

gas stop near the line input. The ground - 

level fittings are likely to be in two 

groups with a pair of elbows at the 

base of the long vertical run of line 

and several fittings near the line input. 

After a new system has been instal- 

led it is necessary to establish that 

performance is normal. Excessive mis- 

match of the line termination (the 

antenna) or line faults will cause echo 

effects (ghosts or edge distortion), in 

the picture. There is also a possibility 

of line faults which do not produce 

visible echoes but which may sooner or 

later result in failures with the high 

transmitter power. Rather high line 

currents in the order of 25 amperes are 

not uncommon. Line faults can result 

from human error or mechanical failure 

during either manufacture or installa- 

tion. When a system is not functioning 

normally it becomes necessary to locate 

and correct line or termination faults. 

II. VSWR specifications and trouble 
shooting 

Specifications for transmission 

line, elbows, gas stops, and the line 

termination have customarily been in 

terms of voltage standing wave ratios 

(VSWR'a). This is a perfectly satis- 

factory way of specifying these items 

as long as their performance can be 

measured individually. For example, 
the antenna VSWR can be measured at 

the antenna terminals before erection 

on the tower to learn if the line 

terminating impedance is normal. After 

the antenna, the line, 2 gas stops, 

and a dozen or so elbows are assembled, 

the use of VSWR tests is anything but satis- 

factory for the over-all system. The reason 

will become clear upon consideration of a 

normal system. 
Let us assume an antenna reflection coef- 

ficient of 4% (VSWR = 1.083), constant over 

the channel, and three elbows and a gas stop 

near the antenna each with a reflection coef- 

ficient of 1%. If there were no other discon- 

tinuities in the system, the reflection coef- 

ficient measured at the long line input could 

be constant or slowly varying with values be- 

tween 0% and 8% depending upon the relative 
phase angles of the respective mismatching 

impedances.1 The VSWR equivalent to 8% is 1.17. 

On the other hand, as many as seven more elbows 

and a gas stop near the line input would be more 

usual. Then the reflection coefficient measured 

at the line input could be anything from 0% to 

16%. In the latter case, the VSWR could oscil- 
late rapidly (from 1.0 to 1.38) with frequency 
over the channel while in the former case if 

there were any oscillations they would be 

much slower. 
In the example cited the antenna echo 

voltage would be unchanged in going from the 
first situation with a maximum VSWR of 1.17 to 
the second situation with a maximum VSWR of 
1.38. An echo voltage with enough time delay 
to produce a separate ghost image is much 
more conspicuous in a picture than the same 
echo voltage occurring at a brightness tran- 
sition. Consequently, the widely disparate 
VSWR values of 1.17 and 1.38 produce essen- 
tially the same picture effect for the con- 
ditions given. 

In any except the simplest situations 

it is hardly possible on the basis of VSWR 

(or reflection coefficient) data measured 

at the input of a complete system to learn 

accurately what the picture performance will 
be. Picture performance can be predicted 
only by deduction from VSWR's vs. frequency 
and then only in the simpler situations. If 

there is trouble in the system it is likewise 

difficult to impossible to locate the cause 
by VSWR measurements except in the simplest 

cases. It may also be noted that the trend 
toward longer and larger lines tends to in- 
crease the probable input VSWR without 

1. Reflection coefficients may be simply added 

to obtain the maximum possible value when 

they are as small as the normal values 
in TV antenna systems. 
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necessarily degrading the picture 
significantly. 

Another contributor to the difficulty 

of prediction of picture performance from 
VSWR data is the VSWR of the line itself. 

A normal, well -terminated long line al- 

ways exhibits a rapidly varying input 

VSWR like that shown in Fig. 1. The line 

reflections may also add to the reflec- 
tion from antenna and fittings to help 

produce sharp peaks in the over-all re- 

flection coefficient at certain frequencies. 
It is of considerable significance 

that a high reflection at a side band fre- 

quency produces a smaller echo voltage if 
low echo components from the vicinity of 
carrier frequency accompany the sideband 
echo. This means that having a low re- 
flection coefficient near carrier is of 
greater importance than elsewhere. An 
unfortunate consequence of the use of 
VSWR proof of performance measurements 
and VSWR trouble shooting has been the 
neglect of this fact. 

III. Pulse echoes for locating faults 

Pulse echo techniques have proven 
valuable for a variety of transmission 
line applications. Rather surprisingly 
they have found relatively little use in 
TV antenna systems. Both extremely short 
pulses and relatively long r -f pulses 
are effective in evaluating TV antenna 
system performance and locating faults. 

Short pulses, which are substan- 
tially shorter than the shortest video 
pulse possible in a TV system, may be 
used to accurately locate line faults. 
A 0.01 microsecond "video" pulse with 
a spectrum out to 100 me can be used to 
locate discontinuities so small that 
they produce only a 1% r -f echo on channel 
13. Used with a scope having a rise time 
of 0.01 microsecond, faults can be located 
to within a few feet. 

R -f pulses provide a means of measur- 
ing the echo voltages from the antenna 
and the aggregate of fittings near the 
antenna. In a normal system the antenna 
impedance produces the largest echo. 
To separate this from other possible ac- 
cidental echoes in the system the short- 
est pulse which the system can pass 
should be used. Since the TV system 
is bardlimited to 4.25 me and is a vesti- 
gial side band system, it will be neces- 
sary to pass the modulating pulse through 
the standard 4.25 me filter and use a 

demodulator with standardized receiver character- 
istics for measuring the antenna relative echo 
voltage. This will insure that side band echoes 
from the antenna, which may occur at frequencies 
outside the channel, will not appear as part of 
the total echo voltage. The relative echo voltage 
from the antenna is a measure of the picture per- 
formance to be expected with respect to the long 
line termination ghost. 

Pulse measurements have been made on nine 
antenna systems,2 some normal and some with 
trouble. The procedures used will be described 
and illustrative examples given. As an aid in 
the application of pulse techniques a number of 
deliberately introduced kinds of faults in a 
laboratory system were also used to show the 
special character of the echo voltages. These 
make it possible to learn the nature of the line 
faults from oscillograms df fully installed systems. 

IV. Short "video" pulse echo tests 

Coaxial lines are commonly installed in 
lengths of 20 feet or a little less. It will 
therefore be convenient to be able to resolve 
faults spaced a minimum of about 20 feet. This 
requires a scope with a rise time of about 0.01 
microsecond such as the Tektronix 545 with the 
53/54L plug-in preamplifier. "Video" pulses as 
short as 0.001 microsecond are easily generated 
with a mercurywetted-contact relay and a pulse 
forming lin The pulse repetition rate with 
such a device is line frequency. A commercial 
unit producing 0.001 to 0.1 microsecond pulses 
is the EPIC 200 square pulse generator, with a 
60 p. p. s. repetition rate. 

The pulse generator is connected directly 
to the line to be tested. See Fig. 2 for a 
block diagram. The scope terminals are bridged 
across the line. There should be a matched 
attenuator (about 10 db) between the generator 
and the scope so that the initial pulse and 
echo pulses "see" the same impedance at the 
scope terminals. The pad as "seen" by the echo 
pulse should have the same impedance as the 
characteristic impedance of the line under test. 

2. These include WTAE, Pittsburgh; WJZ, WMAR, 
WBAL, Baltimore, WREC, Memphis; WOIA, San 
Antonio. 

3. E. J. Martin, Jr., "Calibrated source of 
millimicrosecond pulse," Electronics, 
April 17, 1959. 

13 



The test pulse used is shown in the 

scope photo of Fig. 3. Photographs were 

made with a Polaroid Land 95A camera using 

type 44 film and 10 seconds exposure time. 

By advancing the scope gain by a factor 

of 100, the echoes of Fig. 4(a) are seen 

from a normal 3" RCA universal line. This 

line has been designed with "transparent" 
teflon insulators and is of a quality 
suitable for both VHF and UHF TV. Another 

high quality line. a Styroflex 51.5 ohm 
line yielded the pulse photo of Fig. 4(b). 

With the equipment used. echoes 
from discontinuities spaced 20' may be 
resolved. The resolution can be increased 
by a factor of ten by use of a faster 
scope. However, it is believed that 20 
foot resolution is adequate for practical 
purposes. Accuracy of the scope sweep 
calibration is 2%. This accuracy may 
be improved upon by use of a periodic 
marker of accurately determined frequency. 
This refinement likewise seems hardly 
necessary because of the ease of obtain- 
ing a reference echo at a known location 
by simply opening or shorting the long 
line near a fault. The resolution 
capability is illustrated in the photos 
of Fig. 5 where the echoes from 2 or 15 

discontinuities. deliberately spaced 20 
feet along a 3" coaxial line. are seen. 

The character of the echo voltage 
reveals the nature of the cause. Echoes 
from a short and an open circuit are 
shown in Fig. 6. A shunt resistor, a 

transition to a line of lower charac- 
teristic impedance, or a branch line 
produces an echo like that of the short 
circuit but of lesser magnitude. A 

series resistance or a transition to a 
line of higher impedance produces an 
echo like that of an open circuit but 
of lesser magnitude. The echo from a 
shunt lumped capacitance is also 
shown in Fig. 6. 

The echo from an inner coupling 
with poor and intermittent contact is 
shown in Fig. 7. Also shown is the 
echo from an accidental shunt capaci- 
tance. Both of these effects were seen 
only by advancing the scope gain by a 
factor of about 100. A common line 
fault is the failure to properly join 
the inner conductor coupling. The echo 
from a mismated coupling is shown in 
Fig. 7. 

Something about the antenna itself 
may also be learned from pulse echoes. 

Each antenna type yields a characteristic pulse 
echo record. The return from an RCA 6 bag super - 
turnstile antenna is shown in Fig. 8(a). The 

first echo comes from the junction of the main 
50 ohm coaxial line and the twelve 772 ohm feeder 

lines of the antenna, a junction where the impedance 

"seen" by the initial pulse is 77212 or 6.5 ohms. 
The second echo is a return from the shorting bars 
of the radiators and subsequent echoes are "re- 
bounds" between these two impedance changes. A 

12 bay super -turnstile produced the echo of Fig.8(b). 
The echo returned from an RCA traveling wave 
antenna is shown in Fig. 8(c). The first echo is 
from the -shorting bar at the antenna base. Sub- 
sequent echoes are from "re -bounds" between the 
shorting bar at the upper end of the antenna and 
the base. By advancing the scope gain,echoes 
from normal line discontinuities. which are dis- 
tributed along the antenna, may be seen. 

It should be remembered in studying short 
pulse photos that an r -f transformer is usually 
too short to enable resolving the echoes from the 
changes in impedance at both transformer terminals. 
Therefore, a transformer echo does not fully 
reveal the character of the transformer. However, 
the change of impedance of the two lines into 
which the transformer has been inserted will be 
in evidence. 

Short pulse echoes have been successfully 
used in installed systems for locating opens, 
shorts, burned couplings which were still oper- 
ating satisfactorily, noisy couplings, matching 
slugs, and changes of characteristic impedance. 
As a trouble shooting tool , the method is in- 
valuable. The pulse record of a line also serves 
very effectively to establish the normalcy of the 
line. while short pulse tests do not directly 
show picture performance for the r -f channel of 
interest, they have value in establishing normalcy 
based on tests of lines which are know to be normal. 
By preserving pulse photos of an installation it 
becomes possible, if trouble later develops, to 

trouble shoot with speed, precision, and assurance. 

V. R -f pulse echo tests 

The same Tektronix 545 scope may be used for 
r -f tests. However, the usual TV station 
scope will also suffice. A pulse generator such 
as the Hewlett Packard 212A with continuously 
variable pulse width is desirable. The r -f source 
may be a General Radio 1021 signal generator or 
the equivalent. The r -f is pulse modulated with 
a General Radio 1000 P1 crystal diode modulator. 
The VHF spectrum requires the General Radio P3 
plug-in oscillator, the UHF requires the GR P2 
oscillator. 
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The r -f pulse source is connected 
through an r -f amplifier, such as RCA 
Mastertenna HG, to the line to be tested. 

See Fig. 2 for a block diagram. A de- 

modulator, such as RCA BW4B with a stand- 

ardized receiver characteristic, is used 

for detection. This makes it possible to 

make pulse tests either with or without 
a VSB filter. The demodulator input is 

bridged across the long line input. 
For tests of the line termination, 

that is, the antenna impedance, it is 
necessary that the pulse spectrum used 
be the same as the transmitter and VSBF 
normally deliver because antenna match is 
required only over that spectrum. Proper 
pulse spectrum limitation is accomplished 
by high frequency cut-off with an RCA 
M127132 filter, the same filter ordinarily 
used with the TV system and by using the 
RCA BW4B demodulator or the equivalent. 

There should be an attenuator pad 
(about 10 db) at the r -f amplifier out- 
put and the demodulator input impedance 
should be altered so that the echo pulse 
"sees" the line characteristic impedance 
Zo at the demodulator terminals. Suit- 

able attenuators are made by Microlab 
and others. There should also be a line 
stretcher between the demodulator and the 

line under test for a reason to be ex- 
plained. 

The two pulse widths which have been 
found useful enable tests of both the 
line and the termination. The shortest 
pulse that the TV system will handle is 
useful for measuring the reflection from 
the long line termination. Tests have 
been performed with a "black" pulse 
using about 80% modulation. 

Since there will ordinarily be less 
than 100% modulation with either the test 
set-up or the TV transmitter, there will 
be continuous r -f coming from the signal 
source, either from the "black" pulse or 
the "white" background. When an echo 
voltage returns from the line termination 
this will add to the "white level" r -f 
coming from the generator at the time the 
echo pulse arrives. The relative r -f 
phase will depend upon the line lengths 
between demodulator and long line termin- 
ation and between demodulator and gener- 
ator. The line stretcher may be used to 
adjust the relative phase to produce de- 
modulated echo voltage of the same or 
opposite polarity as the initial pulse. 
That is, either a positive or a negative 
ghost is produced. An echo having the 
same polarity as the initial pulse is 

usually chosen for the measurement. 
A calibrating means is required for determing 

the magnitude of the echo pulse. It is the ratio 

of the maximum echo pulse to the initial pulse, or 

the relative reflection voltage that is desired. 
This will be the maximum relative echo voltage 
that can be produced by the system. Calibration 
at the 5% relative echo voltage level, for example, 

is accomplished by terminating the flexible coaxial 
line, used for connecting to the line under test, 
with a matching resistor. Then the pulse magnitude 

is adjusted to scope full scale, after which 26 db 
(20:1) matched attenuator is inserted between the 

r -f amplifier and the demodulator. This give the 

5' calibrating level on the scope. Then the scope 
gain is advanced by a known factor to cause the 
5% level to occur with increased scope deflection. 

It should be noted that a line termination 
measurement with an r -f pulse include effects of 
elbows and seals near the antenna. This is well 
since it is the combined effect which determines 
the magnitude and character of the ghost produced 
in the radiated picture. 

Some antennas, such as the RCA super -turn- 
stile, are fed with two lines of equal length. 
A normal antenna presents identical terminating 
impedances to the two lines since the individual 
lines respectively feed the identical North -South 
and East-West halves of the antenna. At the 
bridge diplexer which feeds the lines an extra 
quarter wave phasing line is inserted in one of 
the lines, say the ENT line as in Fig. 9. The 

antenna impedance should be measured at the long 
line inputs at the diplexer terminals. By ad- 
justing the line stretcher for an echo of the same 
polarity as the initial pulse on say, line A, the 
opposite polarity echo pulse should be seen on 
line B if the antenna is normal. Echo pulses 
from a slightly unbalanced antenna, measured from 
the long line inputs at the diplexer are shown in 
Fig. 10. 

A second test with r -f pulses requires a 

pulse longer than the round-trip propagation time 
of the long line. The purpose here is to test the 
long line itself. This test is more critical than 
may be made with the use of a short r -f pulse 
since the line may have equally spaced echoes which 
add because the echo voltages happen to all be in 
phase. This test supplements the short r -f pulse 
test end can be used to resolve doubts, if any 
exist after pulse tests, about the desirability 
of looking for line troubles. Again a line 
stretcher will be used for phase control. A normal 
line oscillogram is shown in Fig. 11. A line with 
multiple, evenly spaced discontinuities resulted 
in the oscillograms of Fig. 12 

The long r -f pulse test serves for evaluation 
of abnormal echoes which may be observed with 
short, "video" pulses. If an echo pulse observed 
with a "video" pulse is only a little larger than 
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the normal background clutter of echoes 

there may be a question of the advisability 

of undertaking to locate the cause. The 

"video" pulse measurement is sensitive 

enough to show many inconsequential echoes. 

On the other hand the causes of some 

echoes observed with "video" pulses, which 

are not apparent with r -f pulses, should 

be located because they may result in 

eventual trouble. An example would be a 

noisy coupling which appears as an inter- 

mittent echo with the "video" pulse test. 

A photograph of test apparatus for 

both short "video" pulse and r -f pulse 

measurements is shown in Fig. 13. 

VI. Over -All pulse test of a TV system 

Sometimes there is doubt about the 

source of a small ghost in the picture 

as received in the field. There will 

commonly be propagation multipath ghosts 

in the picture which tend to obscure 

radiated ghosts or make uncertain their 

magnitude and character. A test through 

the entire system with pulse photos at 

appropriate places can quickly and with 

assurance establish what is wrong and 

where. A suitable pulse source would be 

either an electronic pulse generator 
capable of generating a vertical picture 

line or a slide camera with low noise. 
The slide shown in Fig. 14 has been 

used for this purpose. A narrow white 

line on a black background and a narrow 

black line on a white background provide 

the test pulses. Using a line selector 

scope, a single line of the video wave- 

form can be photographed at the studio, 

at the transmitter on the video line or 

microwave link output, at the picture 
transmitter output directional coupler, 

or individual lines feeding the two 

halves of a turnstile, and in the field 

in directions chosen to be on the maxima 

of the respective two halves of a turn- 

stile antenna, for example. 
Pulse photos on the two lines of a 

super -turnstile using such a signal 
source are shown in Fig. 15. These were 

also observed in the field where it was 

found that multipath' signals tended to 

obscure the small radiated ghost. 

VII. The correspondence of monitor an 

field pictures with respect to 

ghost effects, 

There seems to be a certain amount 

of confusion about the meaning of test 

pulses observed on station picture and waveform 

monitors. There are in common use (1) broad band 

diodes for monitoring and (2) demodulators having 

a standardized receiver characteristic and. using 

signal from directional couplers. The antenna 

systems use either a bridge diplexer or a filter 

for feeding both picture and sound transmitters 

into a common antenna. 
Consider first an antenna system using a 

bridge diplexer such as the RCA super -turnstile. 

The NS and EW halves of a turnstile antenna 

normally present identical terminations to the 

long lines. The picture voltage enters the 

lines at points A and B of Fig. 9 out of phase. 

The echoes from the antenna halves return in 

phase because of the round trip traversal through 

the quarter wave section in only one line. There- 

fore, the echo voltage enters the sound line, is 

fully reflected by the sound transmitter and 

returns to points A and B in phase in the two 

lines. Since the initial voltages entering the 

lines at A and B were out pf phase, the demodu- 

lated voltages in the two lines will have opposite 

polarities as observed with directional couplers 

at A and B oriented to "see" the wave traveling 

toward the antenna . 

If the echo voltage returning to points 

A and B come from terminations which are not 

identical, the phases may not be alike, in which 

case some of the echo voltage will return to the 

picture transmitter to be at least partially 

reflected and to return to the antenna. 
This system should be monitored at points 

A and B with signal coming from a directional 

coupler. Observation with a directional coupler 

at the output of the transmitter or at the di- 

plexer input shows only part of the echo voltage 

on its way to the antenna if it shows anything. 

Monitoring on the picture input line of the 

diplexer or at the transmitter output with a 

diode is even worse because the relative ampli- 

tude of the echo voltage depends upon location 

along the line. Since all locations along the 

picture transmission line give results completely 

false with respect to radiated effects this is 

not the place to monitor ghosts from antenna 

mismatch with either diode or directional coupler. 

By monitoring on the individual long lines 

with directional couplers at points A and B the 

true4 radiated signal may be observed. Monitor 

point A shows the echo radiated by the EW antenna 

and B the echo radiated by the NS antenna. 

If the system is balanced, that is, if demod- 

ulated echo voltages observed at A and B are equal 

and opposite, it may be possible to 

4. Strictly, speaking, the true radiated signal 

can only be observed by monitoring the radiated 

field, In a normal, well engineered system, the 

monitoring locations designated give a very close 

approximation to the radiated signal. 
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minimise the radiated echo voltage by 

adjusting the length of the sound line. 
This has been done successfully although 

it is a limited remedy which depends 
upon equality of the impedances termin- 
ating the long lines. Thermal expansion 
of the line may make the radiated echo 
voltage unstable, particularly for ultra 
high frequencies. 

Consider now a system with which 
the sound transmitter and picture trans- 
mitter outputs are combined with a filter 
to feed a single line. The echo voltage 
returns to the picture transmitter and 
is at least partially reflected. The 
polarity of the echo depends on the 

lengths of the line between the picture 
transmitter and the long line termination. 
Again, adjusting a line length, this time 
the long line or the line from picture 
transmitter to filter may minimize the 
echo voltage. 

With such a system the picture 
observed with a directional coupler at 
the picture transmitter output shows 
long line echo voltages which will be 
seen on receivers in the field. How- 
ever, the picture observed with a diode 
across the line may either exaggerate 
or reduce the echo voltage relative to 
the initial voltage depending on loca- 
tion of the diode. 

1.20 

VIII. Conclusion 

Both short "video" pulses and r -f 

pulses have been shown to have great 

value for establishing the normalcy of 
new systems, for preventive maintenance, 
for observation of gradual deterioration, 
and for fault location. In the writer's 

judgment this kind of test should become 

the primary means of testing systems in 
the field. Other methods such VSWR 
and resistance measurements should become 
subordinate aids. A complete pulse photo 

record for a new system will be well 
worth keeping on file in case trouble 

should develop. 
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NEW EQUIPMENT FOR MEASURING ENVELOPE DELAY 

Edward Noel Luddy 

Radio Corporation of America 

Camden, New Jersey 

Summary 

The envelope delay characteristic is an 

extremely important factor in television systems. 

The effect of improper envelope delay is quite 

pronounced in color television, but a properly 

corrected system is also necessary for monochrome 

transmission if the optimum in picture quality 

is to be obtained. A new measuring technique 

has been developed which provides a low frequency 

reference to properly relate the envelope delay 

of the high and low frequency components of the 

video signal. The RCA BW -8A Envelope Delay 

Measuring Set utilizes this new technique, and 

is designed for television station use. This 

paper highlights the importance of the envelope 

delay characteristic and describes the new 

measurement technique. 

Envelope Delay 

The phase -versus -frequency characteristic 

of television systems is usually referred to in 

terms of time delay or envelope delay. Time 

delay is equal to the phase shift divided by the 

angular frequency (0/ 2 IT f). Envelope delay 

is a somewhat more sensitive term used for ex- 

pressing phase shift, and is equal to the 

incremental slope of the phase -versus -frequency 

characteristic (.:.0/ 2 rt af). An ideal system 

has a linear phase characteristic and equal 

envelope delay at all video frequencies. The 

effects of improper phase relationship between 

the various frequencies in a television system 

are well known, producing leading white, trail- 

ing smear, ringing, and misregistration. 

The television system used in the United 

States is a band -limited system of approximately 

4 mc, and one sideband is partially attenuated 

to conserve spectrum space. Such a system has 

many advantages, but inherently introduces phase 

distortion's that must be properly compensated 

before optimum picture quality can be achieved. 

Phase Distortion 

The results of phase distortion caused by 

band -limited vestigial sideband transmission are 

shown in Figure 1. The anticipatory transients 

preceding the transitions, and the rounding of 

the corners of the square wave after the transi- 

tions, are due to low frequency phase. distortion 

caused by the attenuation of the lower sideband. 

The ringing following the transitions is caused 

by the attenuation of the upper sideband and 

resulting phase distortion. 
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These defects resulting from delay dis- 

tortions cannot be completely eliminated but can 

be reduced in magnitude. Figure 2 shows the 

square wave response of a system that has been 

corrected by means of phase correction networks 

in the video input circuit of the transmitter. 

The anticipatory transients preceding the transi- 

tions have been eliminated and the corners 

following the transitions have been made square. 

These improvements were made by correcting the 

low frequency phase characteristic. The ringing 

has been distributed before and after the transi- 

tion, and reduced in magnitude by means of high 

frequency phase correction. 

The FCC specifies the envelope delay charac- 

teristic required in the transmission of color 

television signals as shown in Figure 3. The 

relative envelope delay throughout the video 

region is referred to the average delay between 

50 and 200 kilocycles and is required to be con- 

stant except in the region above 3 mc which is 

pre -distorted to compensate for the phase 

characteristic of the sound notch in a typical 

television receiver. The tolerances are shown 

by the dotted lines. The transmitter is required 

to correct only for its own phase distortion in 

the low frequency region and each receiver is to 

correct for any phase distortion it may introduce 

at the low frequencies. 

BW -8A Measuring Set 

There is a need for field test equipment to 

measure the envelope delay characteristic of 

television transmitter systems in accordance 

with FCC specifications. Quantitative measure- 

ments have been rather difficult to make in the 

field, and many stations have made only approxi- 

mate checks by means of square wave responses. 

The BW -8A Envelope Delay Measuring Set, shown in 

Figure 1, was designed to fill this need. It is 

a small unit, easy to use, and provides a low 

frequency phase reference. The BW -8A measures 

the relative envelope delay in the region from 

1.3 mc to 4.3 mc as referred to the average delay 

between 0 and 189 kc. The unit is designed for 

standard 19" rack mounting, and occupies 14" of 
rack space. 

The BW -CA Envelope Delay Measuring Set con- 

sists of a generator section that feeds the 

system to be measured, and a receiver section 

which evaluates the envelope delay of the signals 

after they have passed through the system under 



test. A block diagram of the unit is shown in 
Figure 5. A fixed modulating frequency of 189 kc 
can be obtained from an internal crystal oscil- 
lator or can be derived as the twelfth harmonic 
of the horizontal sync frequency supplied from 
an external source. Switch S1 selects the source 
of the modulating frequency and adds sync and 
blanking if desired. 

The fixed 189 kc modulating signal is fed to 
a mixer amplifier together with a carrier fre- 
quency that is variable in the range of 1.3 mc 
to L.3 mc. This carrier is modulated to a depth 
of about 50% by a portion of the output of the 
fixed 189 kc oscillator. The original 189 kc 
frequency and the modulated carrier frequency 
are recovered at the output of the mixer. Sync 
and blanking are added if desired, and the signal 
is amplified. 

The output of the generator portion of the 
BU -8A can be fed directly to the receiver portion 
of the unit for calibration purposes. The output 
of the generator is then switched to the input of 
the transmitter system under test and the demodu- 
lated output of the transmitter is fed into the 
input of the receiver section. 

The receiver section is composed of two 
chains. The first amplifier is tuned to the 
modulated carrier frequency. The signal is then 
detected and the 189 kc modulating component 
recovered. The demodulated signal is amplified 
and fed to a phase detector. The other amplifier 
chain is tuned to the 189 kc signal that has 
passed directly through the system. This signal 
is also amplified and fed into the phase detector. 
The phase shifter consists of an RLC network and 
may be switched into either amplifier chain to 
permit compensation of either positive or nega- 
tive time delay. The phase shifter is calibrated 
directly in microseconds and reads the relative 
envelope delay between the carrier frequency and 
the reference average envelope delay between 0 
and 189 kc. Envelope delays up to 0.68 micro- 
seconds may be measured with an accuracy of 
± (3% ± .01) microseconds. 

Typical Test Set-up 

A typical test set-up using the BW -8A 
Envelope Delay Measuring Set is shown in Figure 6. 
The output of the generator section is fed to the 
video input of the transmitter ahead of the phase 
equalizers and low pass filter. It may be fed 
into the input of the stabilizing amplifier if 
sync and blanking are added. The output of the 
transmitter must be demodulated to recover the 
video component. A standard vestigial demodu- 
lator such as the RCA BW -4B can be used for this 
purpose, or a diode may be employed. The output 
of the vestigial demodulator or diode is fed to 
the receiver section of the BW -8A. 
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Envelope Delay Characteristics 

The envelope delay characteristic is speci- 
fied by the FCC in terms of a perfect vestigial 
demodulator. Standard demodulators, such as the 
RCA BW -1:B, approach the ideal receiver charac- 
teristics within very close limits. A standard 
vestigial demodulator should be used to monitor 
television signals at the output of the sideband 
filter as it will provide the best indication of 
picture quality as viewed on good home receivers. 

When fed w th a vestigial sideband signal, 
the diode demodulator not only provides a non- 
uniform video amplitude response, but also a 
distorted phase characteristic as shown in 
Figure 7. Although vestigial sideband signals 
cannot be satisfactorily monitored from a diode 
demodulator, it was deemed desirable to be able 
to use this type of demodulator to measure the 
envelope delay characteristic of the transmitter 
system. By utilizing the diode as a check against 
the vestigial demodulator, the error due to a 
poorly aligned or poorly compensated vestigial 
demodulator can be isolated. 

The calculated envelope delay characteristics 
of a television transmitter and filterplexer 
combination that is not phase compensated is 
shown in Figure 7. Calculated curves for both 
a diode demodulator and an ideal vestigial demodu- 
lator are shown. It can be seen that in the low 
frequency region where a double sideband signal 
is available the two demodulators provide essen- 
tially the same overall envelope delay. In the 
region where the lower sideband is being attenu- 
ated the two curves differ quite widely. After 
the lower sideband has been attenuated the two 
envelope delay curves become identical. This 
indicates that a diode demodulator can be used to 
determine the envelope delay characteristic of 
video frequencies above approximately 1.5 mc as 
compared with a reference in the range below 
200 kc. This is the important region to be 
investigated as the envelope delay in the range 
from approximately 200 kc to 1.5 mc is controlled 
only by minimum phase shift networks as far as the 
transmitter is concerned. Variations in the phase 
characteristic of the transmitter upper sideband 
in this region are related to the amplitude 
response which is generally quite flat at these 
relatively low modulating frequencies. The over- 
all video phase response in this area is largely 
dependent on the degree to which the demodulator 
that is used accepts or rejects the lower sideband. 

The envelope delay characteristic of a visual 
modulator as measured by the BW -8A is shown in 
Figure 8. The modulator alone contributes rela- 
tively little delay except at the very high 
frequency end where the frequency response is 
being attenuated. The overall transmitter envelope 
delay characteristic utilizing a diode demodulator 



is also shown in Figure 8. Only minor variations 

in the basic transmitter envelope delay response 

are experienced before sideband shaping is applied. 

The envelope delay of a television trans- 

mitter and vestigial sideband filter is shown in 

Figure 9. No phase correction was employed in 

the transmitter input, and the need for about 

0.15 microsecond low frequency equalization is 

apparent. The measurements taken with the diode 

demodulator and vestigial demodulator agree quite 

closely in the range from 1.3 me to b.3 mc. 

Either type of demodulator may be used with the 

BW -8A Envelope Delay Measuring Set. 

The final overall envelope delay character- 

istic is usually taken with all phase correction 

networks in the circuit including properly ad- 

justed low frequency and receiver equalizers. An 

overall envelope delay curve of an RCA TT -11ÁH 

Transmitter is shown in Figure 10. The curve 

shows the relative delay at various video modulat- 

ing frequencies as compared with the average 

Q 

Fig. 1 - Typical uncorrected TV system response of 

100 kc square wave. 

2i+ 

envelope delay between 0 and 189 xc. The FCC 

tolerances are shown by the dotted curves. 

Conclusions 

It is vital that television transmitting 

systems be properly corrected for envelope delay 

deficiencies in order to broadcast high quality 

pictures. It is hoped that the BW -8A Envelope 

Delay Measuring Set will make it easier to test 

and align television transmitting systems to im- 

prove the fidelity of transmission. 
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REACTIVATION CF IMAGE ORTHICONS 
UFER L0.4 TEMPERATURES 

Benjamin Wolfe - Chief Engineer, WJZ-TV 
Westinghouse Broadcasting Co. Inc., ( Md. ) 

Baltimore, Maryland. 

During October, 1957 our station was in- 
terested in observing Russia's Sputnik No. 1. 
It was desired to make this pick-up so that a 
film could be made off of our kinescope and this 
film integrated in a program originating at WBZ 
in Boston. A very law noise image orth had to 
be used and the inventor of the "Lumicon", was 
contacted. Mr. R. Sturm, the inventor, agreed 
to use the "Lumicon" for this pick-up. The 
"Lumicon" is similar to the 5820 image orthicon 
and it was observed that it was transported in 
dry ice. A study was made of the publication 
available relative to the effect these low tem- 
peratures would have on image orthicons. 

The effects of varying ambient temperature 
upon the performance of an image orthicon have 
been evident since the beginning of image orth 
cameras. 

While all of us use image orths the thought 
occurred to rest an image orth at zero degrees F 
to restrict molecular movement by some degree 
and see if we could not obtain a signal to noise 
ratio similar to the "Lumicon". However, it 

was not until August 1958 that the first tube 
was observed after being held at approximately 
zero degrees F for 3 weeks. The effect noted 
on this particular tube, which had been in use 
for 970 hours, was not so much the low noise 
level of the tube, which incidentally was ap- 
parent, but the apparent reactivation of the 
target. Although the tube was originally dis- 
carded for excessive sticking and no useable 
target, this tube gave another 170 hours of 
operation with extremely low noise and good 
target control. 

At this point it was decided to run 
further experiments with discarded image orthi- 
cons and accordingly a Westinghouse Model CSM -10 
Deep Freeze was obtained. This is a 10 cubic 
foot unit. We are at present storing 32 image 
orths for a minimum period of 50 days at zero 
degrees F. Our second tube which had 1100 
hours and no target was "Deep Frozen" for 50 
days and returned to service. To date it has 

logged an additional 269 hours before being 
returned to the deep freeze. 

It appears that the tube should rest for 
at least 50 or 60 days in the deep freeze before 
returning it to active service, but additional 
frozen storage time should not hurt the tube. 
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The following statistics are based on the 
observation of 32 tubes out of a total of 45 
available. The 13 tubes not included are 
those still in storage at this writing as well 
as those which were not much improved by cold 
storage. Twenty-five of the 32 are tubes 
at WJZ, 5 at KDKA Pittsburgh and 2 at WBZ Boston. 
Of these 25 at WJZ, 22 have been through the 
freezing process once and three have gone through 
twice. 

The accompanying chart shows a represen- 
tative sample of the results. Listed ver- 
tically along the left hand edge are the res- 
pective serial numbers of the tubes and hori- 
zontally along the top are plotted total fila- 
ment hours. The first shaded area starting 
from the left of the bar chart shows the total 
tine on the respective tubes prior to being 
placed in cold storage. The dotted area indi- 
cates the added hours of use after being removed 
and again placed in service. The cross hatched 
area on the last 3 bars shows the number of 
hours received after the second freezing. 

There seems to be no correlation between 
the length of time spent in cold storage and the 
number of hours of added useage, other than the 
fact that the best results were obtained from 
tubes that had rested 90 days or longer. The 
rapidity with which a tube can be brought up to 
operating temperature is another question that 
seems to have no concrete answer. Most of the 
tubes are allowed to come to room temperature 
before placing them in service. One tube was 
placed in the camera immediately upon being 
taken out of the freezer. This particular tube 
then developed what appeared to be the grandaddy 
of all ion spots and had to be discarded. This 
particular method of defrosting has not been 
tried since, although there may be some merit in 
pursuing it further. 

The greatest number of hours of total life 
we have gotten thus far is 1!452 from Orth serial 
S-7064. This tube was used 1198 hours initially 
and again for 254 hours after a 5 month rest. 
It was removed from service and again placed in 
storage on 5.20.59. We have not tried it again 
since that time. The least number of hours 
received was 465 of which 373 were original and 
a bonus of only 92 added after a rest of approxi- 
mately 2 months. This tube however, was ex- 
tremely noisy and remained so throughout its life 
and did not respond in the manner of the others. 



It should be noted that all times quoted 
are filament hours and that generally the beam 
is left up during standby periods. During 
these times the lens is capped or the turret 
cocked. The initial times listed were obtained, 
for the most part, without the use of orbiters 
and the tubes removed because of excessive stick- 
ing, noise or loss of target. 

The comments of Mr. Rodgers of KDKA are as 
follows: - 

"The first two tubes tested were quite 
successful with 625.8 and 574.2 additional 
hours received after freezing. These two have 
now been put back in the deep freeze. The 
third tube is so persistent we are unable to use 
it. The fourth tube has been tested and has 
not been put into service in a camera, but is 
useable. The fifth tube is not useable, pri- 
marily because of extremely bad persistency and 
a microphonic condition. 

We have observed in all cases that the 
noise level in the tube becomes very low, as you 
have already experienced, as a result of being 
stored in a deep freeze for a period of approxi- 
mately 60 days. The two tubes which had a 
successful treatment in the deep freeze and have 
been used, appear to have the rate at which 
persistency increases, reduced by a considerable 
amount. In fact, the operating personnel feel 
that these two tubes had very little increase in 

persistency after being taken from the deep 
freeze. There are some operating technicians 
who feel they did not show any increase in per- 
sistency during this time. Whether or not this 
condition is true in all cases, we of course 
have not had sufficient experience to be able to 
determine. The other two tubes are so badly 
persistent that they are not airworthy and we 
would not be able to determine anything from 
these two tubes." 

And that gentlemen is it - we make no 
claims for the reasons involved, but do believe 
we are getting extra hours out of tubes by 
placing them in cold storage. This we believe 
exceeds that which can be achieved by the rota- 
tion of tubes stored at room temperature. 

It might be well to add at this point that 
some of these bonus hours were not too easily 
achieved. Some of these tubes, while still 
exhibiting good S/N ratio, began to stick rather 
badly, and only by staying away from dark scenes, 
low key lighting etc, were some of the extremes 
obtained. Finally, we are not physicists and we 
wouldn't know how to begin to build an image 
orthicon. But of one thing we are sure; last 
year we didn't buy as many tubes. 

In closing the writer wishes to thank 
Mr. Glenn Lehman, Assistant Chief Engineer, for 
his assistance in this project. 
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SOME COLOR SLIDE AND COLOR TELEVISION EXPERIMENTS 
USING THE LAND TECHNIQUE 

Wm. L. Hughes 

In several recent articles, Dr. Edwin H. 
Land', 2, 3 has pointed out some fascinating fea- 
tures of color vision which show promise of 
having considerable effect on commercial color 
processes of all kinds. It is the purpose of this 
paper to discuss some interesting results which 
came of repeating and expanding one small section 
of Dr. Land's experiments. In particular, we 
shall be concerned with color pictures produced 
in the following manner. Two original negatives 
were taken with relatively narrow band color fil- 
ters, in particular red and green. These pictures 
were then displayed both by optical projection and 
through the use of an intermediate color television 
system. When optical projection was used, one 
light source was white (3200°K) and the other 
light source was either red, green, or blue. 
When a color television system was used, one of 
the picture negatives was used to apply identical 
signals to all three guns of a tri -color display 
and the system was balanced at Illuminant C. The 
other picture negative was used to obtain a signal 
that was added to only one of the color guns. 
These experiments lead to the conclusion that for 
this small part of the Land experiments at least, 
the Land Phenomenon follows a rule of comple- 
ments which fall in approximately the same order 
as they do on a C.I.E. color chart. This means 
that even though the Land Phenomenon is not in 
any sense explainable from classical additive col- 
orimetric theory, certain aspects of it are never- 
theless predictable through the use of a standard 
color chart. 

Color Slide Experiments 

Let us begin in the manner of Dr. Land by 
making two black and white slides of a colored 
scene. One of the slides is made from a negative 
exposed through a green filter (Wratten 58) and 
the other is made from a negative exposed through 
a red filter (Wratten 25). Two sets of such slides 
are shown in Figures 1(a), 1(b), 2(a), and 2 (b). 
For the moment, let us concentrate on slide set 
1(a) and 1(b). In the original scene, the apple is 

Figure la. 
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a bright red, the flowers on the potted plant are 
a slightly less saturated red, the leaves are green, 
the ears of corn are bright yellow, and so on. 
Now let us place the two slides in two identical 
projectors, placing a green filter in front of the 
"green" slide and a red filter in front of the "red" 
slide. If the two images are carefully registered 
on the screen, the full gamut of colors from red 
through yellow to green is observed as would be 
expected since this is simply the old classical two 
color separation system. No whites, grays, blues, 
cyans, or magentas are observed as would be ex- 
pected from classical theory. Now let us remove 
the green filter and replace it with a neutral den- 
sity filter which simply reduces the intensity of 
white light. The new result is quite interesting. 
The apple and flowers are bright red as before. 
The corn is definitely not as yellow as before and 
takes on somewhat of a pinkish cast. The leaves, 
however, are a rather bluish green, and this col- 
or should not appear at all from classical theory. 
Next, let us remove the red filter and place it on 
the other projector. The apple immediately turns 
to a bright, saturated bluish cyan. This happens 
in spite of the fact that the two light sources are 
white and red. At this point, classical additive 
colorimetric theory has completely collapsed. It 
does not follow at all, however, that classical 
ideas of color complements (which can be ex- 
tracted from a C.I.E. color chart) have also col- 
lapsed. Oddly enough, just the opposite appears 
to be true. 

Before discussing these statements in more de- 
tail, however, it is.interesting to reconsider some 
of the interesting work done on color vision by D. 
L. MacAdam and his colleagues at the Eastman 
Kodak Research Laboratories. In particular, let 
us recall a paper entitled Color Balance for Tele- 
vision which appeared in the January, 19pro- 
ce ngs of the Institute of Radio Engineers. This 
paper reviewed some of the opinions reached by 
MacAdam as well as by Evans,4,5 Brewer,5'6 and 
others. These opinions expand on classical theory 
roughly as follows. Classically, the eye seems to 
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Figure 2a. 

behave as though it has three receptors to which 
we like to assign the colors red, green, and blue. 
Carefully note that the description is "as the eye 
seems to be". The actual mechanism of color 
vision is probably far different, of course. Quan- 
titative colorimetric theory is built on the premise 
that all colors are described by linear combina- 
tions of stimulation of these three perceptors. 
The thing brought out by MacAdam, Evans, 
Brewer, and others is that there is an additional 
adaption phenomenon which appears to act some- 
thing like three automatic gain control systems. 
There is one automatic gain control for each per- 
ceptor, and they operate simultaneously. What 
this means is that when the average quantity of 
red light from a scene increases, the eye's red 
gain decreased, thereby making an area that is 
pink to a spectrophotometer seem more white to 
the eye. Apparent colors will then distribute 
themselves around the eye's new reference white 
in approximately the same order as they would be 
distributed around a "true" white on a C.I.E. col- 
or chart. A similar effect would be noted regard- 
less of the direction in which there was an aver- 
age light increase. The eye and the mind would 
adapt to the new situation and make the average 
light seem more white than it really is. This 
adaptive characteristic is really very desirable. 
For example, it keeps faces from appearing blue 
under flourescent light and red under incandescent 
light and keeps ordinary objects from changing 
color as the spe ctral characteristics of daylight 
change. 

With this information on adaptation, let us re- 
turn to our experiment with white and red light 
sources which are used to project our two original 
"red" and "green" slides. Consider Figure 3 in 
which two such light sources are plotted on a 
standard C.I.E. color chart. (Theoretically, we 
have no right to use such a chart for this purpose, 
but we are going to do it anyway.) A reference 
white somewhere between a home projector 
(3200°K) and color television (illuminant C) is 
chosen for illustrative purposes. We shall come 
back to the choice of reference whites a little 
later. Theoretically, all points on the picture 
should fall on the solid line segment abc. A spec- 
trophotometer would insist that they do, but our 
eye tells us they do not. Regardless of what other 
colors appear in the picture, some points have 
the appearance of occuring either along or in the 
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vicinity of the dotted segment cd. We can never 
be really sure of anything but E eir general loca- 
tion, of course, because the result is completely 
subjective. Until we know and understand the 
spectral and spatial transfer function of the eye 
to the mind, we must be content with speculation. 
It is encouraging, however, when speculative 
effects become predictable prior to the experiment. 

Now let us consider the possible adaptive phe- 
nomena when the red filter is placed in front of 
the "red" projector. The average light may fall 
around point b on Figure 3. Anything that is 
bright red win still be on the red side of point b 
and will therefore still be red. Anything that is 
less red, however, will be on the other side of 
the average point and might well appear bluish 
cyan. That is, it might seem as though it is lo- 
cated towards point d. If we now place the red 
filter over the "green" projector, we have prob- 
ably done very little to shift the spectral char - 
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acteristics of the average light. However, any- 
thing that was previously a bright, saturated red 
will be less red than anything else in the picture. 
If there is anything to the adaptive phenomenon, 
it should turn a bluish cyan. That is, it should 
seem to the eye that it has shifted a long way to- 
wards point d in Figure 3. This, of course, is 
precisely what happened in the first experiment. 

Now let us make some predictions on this 
basis. If there is anything to this postulated 
association between the Land Phenomenon and the 
adaptive phenomenon, we should be able to place 
any colored filter over either projector and pre- 
dict the color of the apple. The following pre- 
dictions should hold. 

1. a red filter on the "red" projector 
should yield a red apple 
2. a red filter on the "green" projector 
should yield a bluish cyan apple 
3. a green filter on the "red" projector 
should yield a green apple 
4. a green filter on the "green" pro- 
jector should yield a magenta apple, 
not a red apple 
5. a blue filter on the "red" projector 
should yield a blue apple 
6. a blue filter on the "green" pro- 
jector should yield a greenish yellow 
apple. 

Experiments with a No. 25 red Wratten, a No. 
47B blue Wratten, and a No. 58 green Wratten 
will show that all of these predictions hold ex- 
tremely well. Further, the larger the different 
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color areas become, the less pronounced is the 
effect. This is, of course, what would be expected 
in an adaptive phenomenon. Predictions 1 and 2 
are shown, of course, on Figure 3. Figure 4 
shows the axes of predictions 1 through 6. Fur- 
ther, similar experiments (to be described 
shortly) with a color television system yield 
essentially the same results. 

Now let us return to the question of reference 
whites. Consider the sets of axes of Figure 5. 
The solid axes correspond to the complete axes 
of Figure 4 except that the reference white is 
3200 degrees Kelvin. This corresponds to the 
typical incandescent projector. The dotted axes 
of Figure 5 also correspond to the complete axes 
of Figure 4 except that the reference white is 
illuminant C. It will be noted that the possible 
ranges of saturated bluish cyans and greenish 
yellows are less than ten millimicrons in both 
cases. The range of magentas cannot, of course, 
be evaluated in this way. 

Despite the fact that there is less than a ten 
millimicron variation in the bluish-cyans and 
greenish yellows, a strong objection can well be 
raised at this point. The upper wavelength pro- 
jection of the so called bluish-cyans geometrically 
falls around 502 millimicrons which is definitely 
more cyan than bluish. The lower projection, 
which is around 491 millimicrons, is definitely 
bluish. In the greenish -yellow range, the lower 
projection is about 568 millimicrons which is 
distinctly greenish yellow. The upper projection 
which is around 575 millimicrons, is definitely on 
the yellow side. We can only hope to define gen- 
eral regions of the color chart because no existing 
photosensitive instrument can measure the proper 
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point for us. Further, when a red filter is placed 
on the "green" projector, the range of bluish- 
cyans available is definitely a function of the in- 
tensity of the "red" projector which is putting out 
3200 degrees Kelvin light. The more this pro- 
jector is stopped down, the more bluish and less 
cyan the normally red subjects become. Simi- 
larly, if a blue filter is placed on the "green" pro- 
jector, the greenish -yellow color of normally red 
objects is a function of the intensity of the "red" 
projector which is still really just 3200 degrees 
Kelvin. The less intense the "red" projector be- 
comes, the more yellowish and less greenish the 
normally red objects become. This is undoubt- 
edly part of the reason why more colors than just 
one axis on the color chart are often observed in 
the Land Phenomenon. 

All this brings up the question of the validity of 
using a C.I.E. chart in the first place. This 
practice is open to severe question because the 
complement extreme colors are subjectively sim- 
ulated by the eye and the mind. They do not cor- 
respond to a spectral characteristic normally 
associated with a point on the chart. However, in 
the sense that we habitually (though sometimes 
apparently incorrectly) associate certain ranges 
of colors with certain areas on the char t, it is 
useful in predicting qualitative visible results of 
the Land Phenomenon. Right or wrong, that is 
the reason for its use. It might be possible to 
set up some elaborate color matching experiments 
to check the idea more quantitatively, particularly 
since D r. Land's work does indicate that two col- 
or domains can be observed simultaneously. This 
writer, however, is not clear on just how to go 
about it. What is actually done here is to quali- 
tatively modify colorimetric theory by tacitly 
accepting the idea of three perceptors with indi- 
vidual automatic gain controls. The C.I.E. chart, 
as originally derived, assumes that the eye acts 
as a tri -sensitive linear device. The addition of 
automatic gain controls would not invalidate its 
use if we could quantitatively evaluate the gain 
shifts. If more complex facets of color make the 
three channel automatically gain controlled model 
of vision incorrect too often, it may be better to 
abandon the chart entirely. 

Color Television Experiments 

Certain additional experiments were definitely 
called for as an adjunct to those preceding. First, 
it seemed expedient to examine the Land Phe- 
nomenon with movement in the pictures. Second, 
it was desirable to be able to mask certain areas 
of the picture to assure ourselves that some 
additional unforeseen phenomenon was not causing 
the observed results. A color television system 
is an ideal way to examine these things. Iowa 
State University has an operating color television 
system which can be made to utilize color separ- 
ations on a two image strip of 35 millimeter black 
and white film. Further, a movie camera was 
already in existence to make film for this color 
television system. The amount of work necessary 
to convert the entire system to utilize the Land 
Phenomenon consisted of changing camera filters, 
changing a few cables in the color television sys- 
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tern, and clipping a few strategic points together 
in the video matrix system. The entire system 
is symbolically illustrated in Figure 6. Pro- 
vision was made to feed a signal from one of the 
film tracks to all three guns of a 21 inch shadow 
mask and to the three tubes of a triniscope. In 
addition, it was possible to add a signal from the 
other film track to any one gun of the shadow 
mask or any one tube of the triniscope. 

Several hundred feet of plus X panchromatic 
film were shot and developed to a gamma approx- 
imately the inverse of that of the cathode ray 
tubes. The film gamma was controlled on the re- 
producibility of a gray scale shot with the original 
camera under typical scene flat lighting. This 
gamma was compared with the video signal in the 
scanner. In this way, scattering in both the film 
camera and flying spot scanner optics was ac- 
counted for. One of the film tracks was used to 
control all three color channels equally so that a 
simple black and white picture was produced from 
it. The signal from the other film track was then 
added to one of the three color channels in varying 
amounts. The usual white balance was around 
illuminant C when only one film track (that con- 
trolling all three guns) was on. Other white bal- 
ance positions on the color chart were occasionally 
used, however. Various types of colors and 
motions were incorporated in the films. 

The conclusions of the color television experi- 
ments are as follows. Every phenomenon observed 
with the projected slides was observed with the 
color television system, although it was generally 
more difficult to get saturated colors on television. 
Motion appears to have no detrimental effect on 
the observed colors unless it is so fast that the 
color is irrelevant anyway. There was no indica- 
tion that the degredation observed with fast motion 
is any worse than it would be with any other type 
of color system under similar circumstances. 
Strategic masking of various sections of the picture 
merely served to prove that the observed color in 
a small area was definitely a function of the sur- 
rounding area. When all but small areas were 
masked, they returned to essentially the colors that 
would be predicted by classical colorimetric the- 
ory. Actually, because of the scattered light in 
the color displays, the following could be observed. 
A gray or blue object in the picture would turn 
blue when the red signal was turned up. However, 
when all of the picture but that object was masked 



with a piece of cardboard, the object simply 
turned more reddish with the application of an in- 
creased red signal. This light scattering probably 
accounts for the difficulty encountered in getting 
really saturated colors when the color television 
system is operated in the manner called for by 
the Land technique. 

One additional phenomenon was observed. 
The color "A. G. C. system" of the eye apparently 
has a finite transient. For example, suppose the 
red filter is placed over the "green projector" so 
that the apple is appearing bluish cyan. If the fil- 
ter is suddenly removed, the apple will momen- 
tarily appear red before returning to a neutral 
gray. This has formerly been referred to as 
"fatigue", but it does not require long observation 
of the complementary color and it does exhibit the 
characteristics of a transient overshoot in a servo 
system. It also occurs for all colors. If the blue 
filter is suddenly removed from the "red pro- 
jector", the apple will go from blue to greenish 
yellow to neutral, the whole process taking less 
than a second after the filter is removed. 

Discussion 

General conclusions in a subject such as this 
are extremely hazardous. The writer would like 
timidly to offer a few, however. 

1. In all probability, full color projection 
and color television are and will remain three 
dimensional mediums. This seems likely not 
only from these experiments but also from funda- 
mental information theory ideas which have nothing 
to do with the eye and the mind. For example, 
certain yellow and white colors could be made to 
stimulate the red and green records in an exactly 
similar fashion. Thus it would be impossible to 
tell the difference between these particular yel- 
lows and whites. Further, a saturated, fairly 
narrow band blue would not stimulate either a 
green or red record. Thus it would be impossible 
to tell the difference between this blue and black. 
This doesn't mean at all that the two dimensional 
system couldn't produce a blue, black, or yellow. 
It simply is not apt to be too faithful to the orig- 
inal scene. Other irregularities can be postu- 
lated in a similar fashion. 

2. It is unquestionably true, however, that 
only two dimensions can go far beyond what the 
old classical theory is willing to allow. Com- 
plementary colors are simulated by the eye and 
the mind with absolutely no difficulty or hesitancy. 
Variations of intensity also have the effect of 
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shifting observed colors above or below a color 
complement axis, not only along the axis. This 
latter effect is much less pronounced, but never- 
theless seems to be unquestionably present. 

3. The standard C.I.E. color chart, though 
derived from classical colorimetric theory, is 
nevertheless useful in predicting the general trend 
of colors that will appear in the Land Phenomenon. 

4. One might find it convenient to think of 
color reproduction as follows. Newton, Maxwell, 
and others have given us first order terms of the 
equations of color vision. Drs. Evans, MacAdam, 
Brewer, and Land have apparently done two things. 
They have given us second order terms and have 
illustrated very beautifully that, in many cases, 
these second order terms are as important as the 
first order terms. 

5. The concept of color vision as three per- 
ceptors with automatic gain controls is a rather 
good model for many purposes, and is consistent 
with many of the phenomena observed by Dr. Land. 

The writer would like to point out that only one 
very small section of Dr. Land's broad gamut of 
experiments are considered in this paper, and 
that no pretense is made that the broader aspects 
have been fully investigated. 

The writer would like to thank Mr. L. A. Facto 
of the Iowa State University Information Service 
for his permission to use the slides he made in 
his own experiments on the Land Phenomenon. 
These slides are those illustrated in Figures 1 and 
2 of this paper. 
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DESIGN AND PERFORMANCE MEASUREMENTS 
ON A NEW ANTI -FADE ANTENNA 

FOR RADIO STATION WOAI 

Charles L. Jeffers 
Southland Industries, Inc. 

San Antonio, Texas 
And 

Stephen W. Kershner 
A. D. Ring & Associates 

Washington, D.C. 

Summary 

A new anti -fade type radiator for 
Station WOAI is described. Vertical 
radiation patterns are presented on the 
basis of computations from predicted 
current distributions. Measurements on 
a model antenna generally confirm the 
performance predicted by the computa- 
tions. Skywave measurements using pulse 
techniques were made on the full scale 
antenna to determine the optimum tuning 
and the suppression of skywave signals. 
These measurements show skywave signals 
transmitted by both the E and F layers 
of the ionosphere. Final performance 
data are presented, including current 
distribution measurements, the vertical 
radiation pattern and groundwave field 
intensity measurements. 

Manuscript 

Radio Station WOAI is authorized 
by the Federal Communications Commis- 
sion t operate in San Antonio, Texas, 
on the clear channel frequency of 1200 
kc with a power of 50 kw unlimited time. 
Both groundwave and skywave signals are 
protected from interference from other 
stations. The most efficient use of the 
assignment requires maximum groundwave 
signal during daytime hours. During 
nighttime hours, the groundwave signal 
should be free from selective fading 
out to the distance where the signal is 
just adequate to overcome noise, then 
the skywave signal should rise rapidly 
so as to provide maximum secondary ser- 
vice. These requirements call for an 
antenna having a carefully controlled 
vertical radiation pattern. 

In April, 1956, the WOAI antenna 
tower was struck by an Air Force plane, 
and plans were made for installing a new 
antenna of optimum design at a location 
creating less air hazard. A new trans- 
mitter site was selected some 17 miles 

southeast of San Antonio, and a location 
for the tower was chosen some 3,000 feet 
from the 1531 -foot tower which supports 
the television antennas, of WOAI-TV and 
KENS -TV. 

Several workers, including one of 
the authors, have reported on various 
aspects of anti -fade antennas for 
broadcasting applications.i-6 A new 
type of anti -fade 4ntenna was reported 
by Jeffers in 1948 , but in view of 
recent advances in the knowledge of 
antenna performance, it was decided to 
reexamine the possibilities. 
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DESIGN CONSIDERATIONS 

The first task was to undertake to 
outline in general terms the radiation 
pattern requirements for providing opti- 
mum nighttime service. Figure 1 shows 
vertical radiation patterns and signal vs. 
distance curves for two assumed radiators 
The solid lines represent the performance 
obtained from an idealized radiator, and 
the dashed lines illustrate an antenna 
with less desirable characteristics. 

In the zone where the groundwave 
and skywave signals are of approximately 
the same intensity, rapid or selective 
fading will occur. Periodic cancella- 
tion of the carrier signal takes place, 
creating the effect of over -modulation 
and causing serious distortion. For 
optimum design this fading zone should 
occur just beyond the limits of useful 
groundwave service as limited by noise. 
Furthermore, the skywave signal should 
increase rapidly with distance as shown 
by Curve A, Fig. 1. Curve B shows that 
a slow build-up of skywave signal is un- 
desirable as it results in a wider fading 
zone. Also, the suppression of skywave 
signals at closer distances as influenced 
by high angle lobes must be adequate to 
prevent an extension of the fading zone. 
These factors necessitate a vertical 
radiation pattern tailored to the fre- 
quency of operation, ground conductivity 
and minimum field strength for satis- 
factory groundwave service. 

Figure 2 shows the vertical radia- 
tion patterns for three types of radia- 
tors. These patterns were computed on 
the basis of the simple sinusoidal 
current distributions shown, with the 
phase velocity assumed equal to the velo- 
city of light. Pattern A is for a con - 
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ventional base -fed radiator with a 
height of 205*. Patterns B and C are 
for sectionalized antennas insulated at 
the center with current distributions as 
shown. Pattern D is for the sectional- 
ized antenna designed by Jeffers in 1947. 
This design results in almost complete 
suppression of the high angle radiation. 
Patterns A, B and D have very nearly the 
desired characteristics for the WOAI 
application. It is well known, however, 
that the current distribution in an 
actual antenna of practical dimensions 
does not correspond closely to the assum- 
ed simple sinusoidal current distribu- 
tion. An investigation of radiation 
patterns based on practical current dis- 
tributions was therefore undertaken. 

Figure 3 shows the predicted cur- 
rent distribution for four types of 
radiators. The prediction of current 
distribution was based on a modification 
and extension of a method outlined by 
Schelkunoff and Friis7 for determining 
the approximate current distribution of 
cylindrical radiators of anti -resonant 
length. The total current Io is composed 
of an I' "in phase" component and a quad- 
rature component, I". The I' component 
may be thought of as representing the 
power component of the current, while the 
quadrature component is responsible for 
most of the radiation from the antenna. 
The constant kl is simply the ratio 
Imax/Ima.x and the constant yy is the ratio 
of the velocity of the light to the phase 
velocity on the radiator. 

The constants kl and y were deter- 
mined by reference to base impedances 
for cylindrical antennas of anti -reson- 
ant length. Complete details, including 
equations, for obtaining the current 
distributions are given in the Appendix. 
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The method used to predict the cur- 
rent distributions is reasonably simple 
and provides an adequate approximation 
for this application. It should be noted 
that considerable information is avail- 
able concerning more advanced methods of 

establishing the current distribution of 

cylindrical radiators,0,9,10 but unfortu- 
nately the methods which yield the most 
accurate results are quite complex and 
require tedious computations. 

Current distributions A and B of 
Figure 3 show that the minimum of the 
current distribution is filled in by the 
in -phase component of current. The 
amount of the fill increases as the 
effective diameter of the radiator is in- 
creased. 

Current distribution C of Figure 3 

is based on the assumption that both the 
in -phase and quadrature components of 

current will be symmetrical with respect 
to the sectionalizing level, where power 
is applied. Such symmetrical current 
distribution would be expected if the 
radiator were removed from the ground 
plane; thus it is apparent that the effect 
of the ground plane on the current dis- 
tribution has been neglected. 

Current distribution D shows the 
predicted current distribution for the 
Jeffers antenna. The length of the upper 
section length was adjusted to be anti - 
resonant, and the current predicted for 
the bottom section is based on two sets 
of components as indicated. Components 
I$ and Iß are predicted in the same man- 
ner as for the simple base -fed radiator. 
The sum of these components provides the 
total current and the desired loop cur- 
rent ratios. 

Figure 4A shows the vertical radia- 
tion'patterns for three types of antennas 
computed on the basis of the predicted 
current distributions, shown by Figure 3. 
All vertical patterns presented are based 
on the usual assumption of a flat infin- 
itely conducting ground plane and the 
details, including the equations used, 
are given in the Appendix. Note the 
large amount of null fill in the A and B 
patterns for conventional base -fed radia- 
tors. The relatively large amount of 
high angle radiation obviously makes this 
type antenna unsuitable for anti -fade 
applications. 

Pattern C has the desired charac- 
teristics for the WOAI application, and 

Pattern D also exhibits desirable charac- 
teristics with very effective suppres- 

sion of high angle radiation. 
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Figure 4B shows the predicted WOAI 
groundwave and 50 percent skywave signals 
computed for antennas providing the verti- 
cal patterns shown by Figure 4A. The sky 

wave signals are based on the "latitude" 
50% skywave curves developed for the 
clear channel hearing at the FCC. Thé 

skywave signals shown for the convent- 
ional base -fed radiators are undesirable 
because of inadequate close -in suppres- 
sion of the skywave signal. The Jeffers 
antenna provides the best suppression of 
close -in skywave signal, but the build- 
up of the skywave signal in a range from 
125 to 175 miles is relatively slow, and 
undesirable, as it increases the depth 
of the fading zone. 

The antenna consisting of two 120° 
sections was selected as the optimum 
design because of the rapid build-up of 
skywave signal between 125 and 175 miles. 
While the close -in skywave suppression is 
not as good as the Jeffers antenna, it is 

still considered adequate. Consideration 
of the several vertical patterns explored 
shows that the desired rapid build-up of 
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skywave signal in the region of the fad- 
ing zone can be obtained only with an 
,antenna having a sharp null in the verti- 
cal pattern and a high angle lobe of 
appreciable size. 

MODEL TESTS 

A model of the proposed antenna 
was constructed to permit a further 
evaluation of the performance. Figure 5 
is a sketch of the model antenna as 
scaled for measurements at a frequency of 
755 mc. The model was constructed of 1/8 
inch brass tubing with insulated spacers 
provided as indicated. A miniature co- 
axial line was used to transfer power to 
the sectionalizing insulator. The outer 
conductor of the coaxial line was insu- 
lated from the lower section of the anten- 
na as indicated, and the position of the 
shorting plug was adjusted to obtain the 
required base isolation. 

Figure 6 shows the arrangement of 
measuring equipment employed to measure 
the amplitude and phase of the currents 
on the model antenna. The model was 
mounted on a copper -covered wall of a 
special test room, with the wall simu- 
lating the ground in the case of the 
actual antenna. The other surfaces of 
the room were covered with R.F. absorb- 
ing material so as to make an anechoic 
chamber simulating an infinite ground 
plane in free space. One miniature 
balanced shielded sampling loop was em- 
ployed to sample the current on the 
antenna, and a second loop was used to 
obtain a reference signal. Choke coils 
were used to minimize currents on the 
sampling lines. The loops were coupled 
to a receiver through a variable attenu- 
ator and a terminated slotted. coaxial 
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line, as shown by Figure 6. One loop was 
maintained at a fixed position and the 
other loop was moved along the model an- 
tenna to measure the current distribution 
At each position the variable attenuator 
and slotted line probe were adjusted to 
produce minimum signal at the receiver 
input. The relative amplitude and phase 
of the current were then computed as a 
function of the location of the pick-up 
probe on the slotted line and the attenu- 
ator setting. 

Figure 7 shows three sets of current 
distribution measurements made for three 
conditions of base tuning. The tuning 
was accomplished by adding short capaci- 
tive stubs of wire just above the base 
insulator. Analysis of Figure 7 shows 
that the amplitude of current in the 
lower element of the antenna can be 
controlled by base tuning. A completely 
symmetrical current distribution could 
not be obtained due to coupling from the 
image antenna, but the current distribu- 
tien.obtained with the 1.2 centimeter 
stub is reasonably close to the assumed 
symmetrical distribution. 

Figure 8 shows vertical radiation 
patterns for the model antenna computed 
from the current distribution measure- 
ments. These patterns were computed by 
a graphical integration process. The 
results show that the base tuning may be 
used to control the angle of minimum 
radiation. The efficiency figures (in- 
verse field strength at one mile) shown 
by Figure 8 were determined by integra- 
tion of the radiation patterns. 

Figure 9 shows the 50 percent sky - 
wave signals based on the vertical 
radiation patterns computed from the 
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model measurements. The model with the 

1.2 centimeter stub provides the required 
suppression of high angle skywave signal 
and exhibits the desired rapid build-up 
of signal in the region from 125 to 175 
miles. 

ADJUSTMENTS AND PERFORMANCE MEASUREMENTS 

Figure 10 is a sketch showing de- 
tails of the antenna as constructed at 
the new transmitter site of Station WOAI. 
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The overall height is 540 feet, or apprac- 
imately 240°, at 1200 kc. The tower is 
Lnsulated at the base and at the mid- 
point, 270 feet above ground level. The 

tower was manufactured by Stainless, Inc. 

and is a uniform triangular cross-section 
guyed structure, with a side dimension of 
5 feet. The isolation required at the 
sectionalizing insulator level and the 
base is obtained by using insulated stub 
sections formed by the tower legs and the 
insulated transmission line and wiring 



FIGURE 10. DETAILS OT WOAI ANTENNA 

conduit. All wiring is housed in a 
single 5 -inch galvanized steel conduit 
which is centered in the tower cross- 
section and insulated from the tower 
where required. The 3-1/8 inch trans- 
mission line required to transfer power 
to the sectionalizing insulator level is 
attached to the center conduit. An L 
network is utilized to match the trans- 
mission line to the impedance presented 
across the sectionalizing insulators. 
The base of the antenna is tuned by a 
variable capacitor employed in conjunc- 
tion with the inductive stub section. 
Three sampling loops are located on the 
tower as shown by Figure 10 and the co- 
axial lines from these loops are connect- 
ed to a phase monitor located at the base. 

Figure 11 shows the results -of 
measurements made to determine the effect 
of base tuning on the groundwave effi- 
ciency. Current ratios as provided by 
the sample loop signals are also shown. 
Field measurements were made at two 
clear locations at distances of 2.6 and 
5.1 miles, and the results were adjusted 
for equal power input to the antenna. A 
base tuning susceptance of 1.4 mhos pro- 
vided maximum groundwave efficiency. 

Observations of the suppression of sky - 
wave signals were then made by employing 
pulse transmissions during the experi- 
mental period and observing the results 
at significant distances. The Contin- 
ental transmitter of WOAI was modified 
for pulse operation by keying one of the 
low -power stages with a pulse generator 
of special construction. The pulse repe- 
tition rate was approximately 200 per 
second and the width of the pulse was 
approximately 100 micro -seconds. Obser- 
vations were made at three locations 
where the signal was picked up by a wide - 
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band receiver and displayed on a Tek- 
tronix oscilloscope. A large single - 
turn loop antenna was used to pick up the 
signals, as it was believed this type of 
antenna would offer minimum directivity 
in the vertical plane. 

Figure 12 shows photographs of pulse 
signals as received near Austin on Octo- 
ber 29, 1958. Photograph A shows an F 
layer pulse with a delay 'Of' 1,100 micro- 
seconds and two pulses of greater delay 
which are probably two and three -hop F 
pulses. The groundwave pulse extends 
well beyond the lower edge of the photo- 
graphs. Photograph B shows a small E 
layer pulse and an F layer pulse. During 
most of the night, no E layer signals 
were present, but just before daybreak 
some weak E layer signals as shown by 
photograph B were observed. 

Figure 13 shows photographs of pulse 
signals received at Temple. Photograph 
A shows E layer and F layer pulses along 
with a weak two -hop E layer pulse. 
Several other weak pulses are also evi- 
dent. The interference evident in the 
groundwave pulse was caused by pickup of 
R.F. signals generated by the oscillo- 
scope sweep circuits. Photograph B shows 
the groundwave pulse only with no skywave 
signals evident. This condition was 
typical of the night of November 5 when 
no F layer signals were observed and E 
layer signals, when observed, were 
relatively weak. 

Figure 14 shows photographs of sig- 
nals received at Waco on October 28, 
1959. Photograph A shows E layer and 
F layer pulses and photograph B shows 
one -hop and two -hop E layer pulses and 



also an F layer pulse. The one -hop E 
layer pulse is considerably wider than 
the transmitted pulse, indicating a con- 
siderable spread of effective virtual 
heights. 

Figure 15 shows two unusual condi- 
tions observed at Waco. Photograph A 
shows E layer and F layer pulses follow- 
ed by several pulses having a large de- 

lay. The largest of these pulses has a 

delay of approximately 2,500 micro- 
seconds indicating a two -hop F layer 
mode. Photograph B shows a double 
pulse with the larger.peak occurring at 
the correct time delay for E layer trans- 
mission. The smaller pulse indicates a 

time delay of 150 micro -seconds corres- 
ponding to a virtual height of only 80 
km. The interference apparent on Photo- 
graph B was caused by an adjacent 
channel station. 
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Figure 16 shows the results of a 
time delay analysis of the pulse obser- 
vations made at the three locations. 
The observed time delays are plotted as 
a function of the distance from the 
transmitter. The experimental data are 
compared to computed time delay curves 
based on virtual ionosphere heights of 
100 km for E layer transmission and 240 
km for F layer transmission. There 
appears to be little question but what 
the pulses having the greatest time de- 
lay were transmitted by the F layer of 
the ionosphere. 
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Figure 17 shows the results of 
pulse amplitude observations made just 
north of Austin on the night of Octo- 
ber 29, 1958. The base tuning of the 
antenna was varied and the ratios of 
skywave to groundwave pulses were obser- 
ved over a period of approximately two 
hours. A number of observations were 
made for each tuning condition and the 
average results are shown. During most 
of the night the F layer pulse was the 
only skywave pulse evident. As day- 
break approached some weak E layer sig- 
nals were observed. It was evident from 
the observations that during most of the 
time the skywave signals completely 
penetrated the E layer and were reflected 
by the F layer. The results show the 
base tuning for minimum E and F layer 
signals. 

Figure 18 shows the pulse amplitude 
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results obtained at a location near 
Temple, Texas, 135 miles from the 
transmitter site. Observations were 
made at this location on two nights as 
indicated. E layer signals were observed 
on both occasions, but F layer signals 
were observed only on the night of 
October 28. The E layer signal was sub- 
stantially higher on October 28 than on 
November 5, but in both cases minimum 
E layer signal was obtained with a basé 
tuning susceptance of approximately 
1.3 mmhos. 



Figure 19 shows pulse amplitude re- 
sults obtained at a location near Waco, 
Texas, some 170 miles from the trans- 
mitter site. E layer signals were 
observed on October 28 and November 5, 
and on October 28 F layer signals were 
also present. The results show minimum 
E layer signal with a base tuning sus- 
ceptance of zero and minimum F layer 
signal with 3.0 mmhos. 
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Figure 20 shows the relation be- 
tween base tuning susceptance and the 
vertical angle of minimum radiation as 
deduced from the data shown by Figures 
17, 18, and 19. The angle of minimum 
radiation may be varied from 38° to 74° 
by varying the base tuning. The final 
tuning selected provides minimum verti- 
cal radiation at an angle of approxi- 
mately 42°. 

The strong F layer skywave signals 
observed on the nights of October 28 and 
October 29 indicate that F layer trans- 
mission may be an important factor in 
the design of anti -fade antennas for use 
in the higher frequency portion of the 
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broadcast band. The presence of F layer 
signals has also been reported by DeWitt 
and Ring,11 who made measurements at a 
frequency of 1410 kc. The observations 
made at Austin on the night of October 29 
show that the signal completely penetra- 
ted the E layer except toward daybreak 
when weak E layer signals were observed. 
Time was not available to make further 
pulse observations to establish whether 
the F layer transmission observed on 
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October 28 was an isolated instance or 
occurred for an appreciable percentage 
of the time. The results obtained 
clearly indicate the need for obtaining 
more measurements of this type so that 
the mechanics of skywave propagation 
for this frequency range will be more 
fully understood. 

Figure 21 shows the current distri- 
bution measured on the full scale anten- 
na with the final base tuning adjust- 
ment. A movable sampling loop was 
connected to one of the regular sampling 
lines so that amplitude and phase 
measurements could be made by employing 
the phase móiiitor at the base of the 
antenna. The sampling loop was spaced 
several feet from the center of the 
tower to minimize pick-up from stub 
currents. It can be seen that the cur- 
rent distribution obtained on the full 
scale antenna closely approximates the 
current distribution shown by the dashed 
lines as obtained on the model with no 
capacity stub. 
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Figure 22 shows the vertical radia- 
tion pattern for the final tuning of the 
antenna compared with the vertical pat- 
tern obtained for the model with no 
capacity stub. The vertical patterns 
were computed from the current distri- 
bution measurements by a mechanical 
integration process. Further integra- 
tion of the vertical pattern for the 
full scale antenna indicates a no loss 
inverse field strength at one mile of 
1950 my/m for a power of 50 kw. 

Figure 23 shows the groundwave and 
skywave signals for the final adjust- 
ment of the antenna as compared with 
the originally intended tuning of the 
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antenna. The measured groundwave signal 
on the route through Austin and Temple 
is also shown, and it is evident that 
the measured groundwave field strength 
was considerably higher than predicted. 
In view of the higher than expected 
groundwave signal, it was decided to 
select the final tuning condition shown 
rather than the tuning condition which 
would most closely approximate the 
originally intended performance. The 
final tuning provides minimum radiation 
at a verticäl angle of approximately 42°, 
which corresponds to a distance of 150 
miles for E layer transmission. Skywave 
signals computed for an F layer virtual 
height of 240 km are also shown by 
Figure 23. Further observations, includ- 
ing field strength measurements to 
establish the limit of groundwave 
service in several directions, are now 
being made to determine whether any 
change in tuning may be desirable. 

Radial groundwave field strength 
measurements were made in 8 radial dir- 
ections to establish the efficiency of 
the WOAI antenna. The RMS inverse field 
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at one mile was found to be approxi- 
mately 1890 my/m. This value is in 
good agreement with the expected values 
of 1845 my/m based on the original de- 
sign pattern and 1950 my/m obtained by 
integration of the radiation pattern as 
based on the current distribution 
measurements. 
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APPENDIX 

METHOD OF DETERMINING CURRENT 
DISTRIBUTIONS AND VERTICAL RADIATION 
PATTERNS OF CYLINDRICAL RADIATORS 

A. Conventional Radiators (Power 
Applied at Base) 

Schelkunoff and Friis7 have shown 

a method for determining the current 

distribution on a cylindrical radiator 

of a given diameter where the length is 

such as to make the radiator anti - 

resonant. In the case of a radiator 

above a ground plane, the anti -resonant 

length is defined as the length (near 

?/2) where the base input reactance is 

zero and the resistance is at or near 

the maximum value. For our purpose the 

equation for current distribution given 

by Schelkunoff and Friis has been re- 

arranged so as to permit an extension 

to radiators of other lengths. 

The current may be expressed as: 

Iz 

I' 

I" 
z 

= Iz - 
j 

Iz 

I' 

= max 
[1 - cos 'y (Go - z)] 

= 
Imax 

sin y(Go - z) 

where: 

Iz = current at height z, 

z = height in degrees above ground 
plane, 

I' = real or "in -phase" component of 
current, 

I" = imaginary or quadrature component 
of current, 

I' andand Im = maximum 
Iz 

v = or the ratio of the velocity of 
light to the phase velocity of 
the antenna, 

and Go = overall height of radiator. 

For an antenna of anti -resonant length 

the current at z = 0 is equal to Imax' 

thus 

I' _ max 
Ro 

values of IZ and 

(4) 

where P is the power and Ro is the base 

input resistance of the anti -resonant 

length radiator. 

The value of y can then be determined 

from 

180 
7 = 1 
where to is the length of the anti - 

resonant radiator in degrees. Appropri- 

ate values of Ro and to may be deter- 

mined from graphs or equations given by 

Schelkunoff7 or others.8'9'10 

(5) 

The value of Imax 
is determined so as to 

satisfy the required relationship between 

current and groundwave efficiency for a 

given power input. For the current dis- 

tribution of equations 1 - 3 and assuming 

anti -resonant length ('yGo = 180°) it can 

be shown that: 

2 2 

Eo = 
0.651 Go %tlavg) + (Iavg) 

max 
avg 

-_ 
2 I" I = max 

avg it 

Where Eo is the inverse field strength in 

my/m, at a distance of one mile along the 

ground plane, and Iávg and Iävg are the 

respective average currents in amperes 

along the radiator. It follows that 

I" max 
is given by 

I" = N E I' 
max 2 ( o %2 ( max)2 

.651 Go + 

The value of Eo to be used in equation 

(9) may be taken from data given by 

Brown1, which shows the ground plane 

radiation efficiency of vertical radia- 

tors with reduced velocity, sinusoidal 

current distribution. This approxi- 

mate method of determining Eo amounts 

to neglecting the influence of the I' 

component of current on the radiation 

efficiency of the antenna. It can be 

shown, however, that this method yields 



results which are quite accurate for the 

range of effective radiator diameters 

generally in use for standard broadcast 

station antennas. 

For radiators of other than anti -reson- 

ant length an approximate current distri- 

bution may be obtained from 

k 
Iz/ ko 21[1 - cos 7 (G0 -z)] 

- j sin 'y (Go -z) (10) 

Where ko is a constant to relate the 

absolute current to the relative current 

distribution and kl = Imax///Imax. 
The 

values of Imax' 
Imax and 

y are based on 

the solution for a radiator of anti - 

resonant length and the given effective 

diameter. This method yielded current 

distributions A and B shown by Figure 3. 

The results appear to be reasonable as 

long as the length of the radiator is not 

much greater than the anti -resonant 

length. 

The vertical radiation patterns for non - 

sectionalized radiators such as A and B 

of Figure 3 were computed by the usual 

integration of the current distribution: 

f(e) _ cos 9 JrGo I3 cos(z sin e) dz 

0o Iz dz (11) 

where f(e) is the vertical radiation 

at angle e above the ground plane, 

normalized with respect to the ground 

plane radiation. 
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Solution of this integral expression 

yields 

f(e) = N/D where: 

N = 
2 cos e [cos y G - cos So] 

7 - singe o 0 

- j kl cos e 
[sin S 

o y 
[sin e + ,y2-sin2 e 

sin e sin So 
sin y Go]] 

7 

D = ,2-y (cos yGo - 1) - j kl (-N77 

sin 'y Go 

1' ) 

and where: So = Go sin e 

B. Sectionalized Radiators with Current 
Distribution Symmetrical about 
Sectionalizing Insulator. 

(12) 

The current distribution shown for 
radiator C of Fig. 3 is based on a rad- 
iator sectionalized at the midpoint with 
the current distribution assumed to be 
symmetrical about the feed point. The 
approximate current distribution for a 
sectionalized radiator with the current 
symmetrical about the feed point may be 
expressed by dividing the radiator into 
lower and upper sections of lengths. G1 
and G2 respectively. 

For the lower section 

k1z 21[1 -cos y (G2 - G1 + z)] 
0 

- j sin 'y (G2-G1+z) 

and for the upper section 

k2z = 
2 1 

[1 -cos 7(Go-z)] 
0 

- j sin 7(Go - z) 

As before the constants kl 

(13) 

and 'y were 

determined from the solution for a rad- 

iator of anti -resonant length. 

The integration of the current distri- 

bution expressed by equations (13) and 

(14) may be performed in parts to yield 



f(0) = N/D where 

-2'y cos 9 cosy 
y2-sin20 

y(G2-G1)-cos So] - jkl 

1 [sin y (G2 - G1) 
0 - sing 

G2 cos S1 - cos 

sin S 
0 

cos 0[sin 

sin e sin So ] 

-2 sin 'y G2 cos S1 i ]] 

D = ,2-y [2 cos y G2 -cos y(G2-G1)-1] 

G 
1 

jkl[57.3 

sin y - G2)] 

where Sn = Gn sin 0 

[sin y(G2-G1) - 2 

(15) 

C. Sectionalized Radiator with Power 
Applied Both at the Base and at the 
Sectinnalizing Level. 

The current distribution for a modi- 

fied Jeffers antenna as shown for radia- 

tor D of Figure 3 was predicted by com- 

bining two current distributions pre- 

dicted by the methods outlined above. 

Current Components IÁ and IÄ represent 

a symmetrical distribution about the 

upper feed point as determined from equa- 

tions (13) and (14). Current components 

IB and IB represent the expected current 

distribution on the lower section due to 

the power applied at the base as deter- 

mined from equation (10). The total 

current is simply the sum of the A and B 
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components with the ratio adjusted to 

produce the desired loop current ratio. 

The length of the upper section was made 

equal to the anti -resonant length in 

order to simplify this simulation of the 

current distribution. 

The vertical radiation pattern for 

the modified Jeffers antenna was com- 

puted by adding the two radiation pat- 

terns produced by the two sets of current 

components with appropriate constants 

Lnserted to maintain the proper relative 

magnitude of the two patterns. The 

individual patterns were determined from 

equations (12) and (15). 

D. Evaluating the Equivalent Cylin- 
drical Cross Section of a Tower 
with Uniform Cross Section. 

The equivalent cylindrical diameter 

of a tower may be determined by computing 

the effective cylindrical diameter of the 

three tower legs. Generally -tehe effect 

of cross and diagonal bracing members 

may be neglected. Schelkunoff and Friis7 

have shown that 
n a 

a - a ( ) 1/n (16) o 

eff a 

Where aeff = radius of equivalent cylin- 
der. 

Ao = radius of tower legs 

n = number of tower legs 

a = distance from center of 
tower legs to center of 
tower cross section. 


