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INTRODUCTION
to the new

RCA REVIEW

the language of the technician and bespeaks his ingenuity and

influence upon the world. As an authoritative scientific jour-
nal, RCA REVIEW is highly representative of the cooperation and
exchange of thoughts so vitally needed in order that science may
advance in the “One World” which it so greatly has helped to create.

RCA REVIEW is written by scientists and engineers. It speaks

RCA REVIEW encompasses more than its name implies; it is more
than a review of the past. Not only does it relate the achievements of
RCA scientists and engineers but it reflects the thoughts of those whose
pioneering in research, development and engineering are projecting the
present into the future.

Introduced in 1936, RCA REVIEW was discontinued during the war
because of security reasons and due to the fact that men of science had
little time to record their thoughts and the results of their work for
publication. RCA REVIEW now reappears in peacetime to reveal radio-
electronic advances in the laboratory and in the field. Through the dis-
semination of knowledge it will aid industry. In reporting the latest
developments in television, radar and all new phases of radio and related
fields, it will continue to erect signposts that point into the future so
that all who work in radio-electronic research and engineering may
draw from it the inspiration and new ideas that will lead them onward

across the broad frontiers of science.
M

DAVID SARNOFF, President
Radio Corporation of America



FOREWORD

HE purpose of RCA REVIEW is to present the latest available

,l information concerning developments in radio, electronics and

related fields to all scientists, engineers, executives and any

others who may be interested in the advancement of radio and elec-
tronics as a science, an industry, and a service.

Comments on papers or suggestions for additional features or other
improvements in RCA REVIEW will be greatly appreciated since they
will insure that RCA REVIEW more nearly fulfills the purpose for
which it is published.

From time to time this short foreword will be included as a method
of presenting information concerning RCA REVIEW which is of inter-
est to its readers. It is in no sense an “editorial”, a “news bulletin”, or
a “sales message”; there are more than sufficient vehicles for such
material. Nothing will appear in the foreword that is not considered
to be of sufficient interest and importance to warrant occupying the
time of busy scientists and engineers. Subject matter will include,
among other items, announcements of various types as well as any
necessary corrections.

All inquiries concerning papers published in RCA REVIEW and any
comments or suggestions should be addressed to: Manager, RCA
REVIEW, Radio Corporation of America, RCA Laboratories Division,
Princeton, N. J.

Manager, RCA REVIEW




IMPROVED CATHODE-RAY TUBES
WITH METAL-BACKED LUMINESCENT SCREENS*{

By
D. W. EPSTEIN AND L. PENSAK

Research Department. RCA Laboratories Division. Princeton, N.J.
Summary—Considerably improved cathode-ray tubes result from the
application of a light-reflecting, electron-pervious, thin metallic layer on the
beam side of the luminescent screen. Although this has been realized for

some time, it is only recently that practical methods for applying such a
metallic layer in kinescopes have been developed.

Observations and measurements on such tubes, using aluminum for
backing, show that under appropriate conditions such tubes possess many
advantages over similar conventional tubes. These are:

1. Improved efficiency of conversion of electron beam energy into useful
light—in other words, more useful light output for a given beam
power input.

2. Elimination of ion spot—thus making other, generally less direct,
means for eliminating the ion spot unnecessary.

3. Improved contrast.

4. Elimination of secondary emission restrictions—thus permitting
the use of high voltages and screen materials with poor secondary
emission.

been the search for means of increasing the brightness of the

pictures on the face of the tube. Previous methods consisted
primarily of efforts to increase beam power—that is, raising the voltage
and increasing the current by improvements in electron optics—as well
as a search for luminescent materials with greater efficiency in convert-
ing beam power into light. The most recent step in increasing light out-
put is the application of a light-reflecting metallic layer on the beam
side of the fluorescent screen.

Many practical tubes with metallic layers on the screens were built
and used six and seven years ago. However, these tubes were limited
to high-voltage operation and the metallic layers did not possess the
licht-reflecting properties which characterize the new metal films. The
advantages of having a thin reflecting layer have long been anticipated
and, to a limited extent, observed in the laboratory. It is only recently,
however, that methods have been developed which will make such tubes
possible and practical.

Before showing how this is accomplished, it is worthwhile to review
briefly the pertinent part of the state of affairs at the luminescent

@NE of the outstanding quests in the cathode-ray tube field has

* Decimal Classification: R138.313.
) + Presented at the I.LR.E. Winter Technical Meeting, January 24, 1946,
in New York, N. Y.
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IMPROVED CATHODE-RAY TUBES T

sereen in a conventional kinescope. This is shown schematically in Fig-
ure 1. The region in the circle is a greatly magnified and somewhat dis-
torted diagram of a small section of the tube face of which one element
is fluorescing. Generally, at least 50% of the light generated in the
scereen is emitted towards the electron gun in the tube. Another 15-25%
is lost by total internal reflection in the glass of the tube face. Thus
only about 25-359% of the total light generated is emitted in the for-
ward direction to constitute the useful light output of the tube. It
should also be pointed out here that some of the wasted light is harmful
in that it is scattered back onto the screen to set a limit on possible
contrast in the picture. There are several mechanisms for this. One is
the back-scattering of the light which strikes the inside walls of the
tube; although the light is largely absorbed by the blackening on the
wall, some of it comes back to the screen. Another is the light from one
portion of the screen which can illuminate other regions directly
because of the curvature of the face. Some of the totally reflected
trapped light in the glass is reflected back onto the screen and is scat-
tered causing what is known as halation.

Figure 2 shows a tube whose screen is covered with an electron-per-
vious, but light-reflecting, metallic layer. Now it is seen that the light
which previously would go towards the rear (electron gun) is reflected
forward into the direction of viewing. Thus without an increase of
light generated, the efficiency of conversion of electron beam power into
useful light has been increased. At the same time, some of the limita-
tions on contrast have been removed, that is, the back-reflected light
and the effects due to curvature of the face. Experiments show that the
large area contrast is considerably improved by a factor of three to ten
times; the detail contrast, being primarily limited by halation, is only
slightly improved.

The properties which this metallic layer should possess are: (1) it
should be thin enough and of the right kind of metal to cause negligible
absorption of the electron beam at the desired operating voltages; (2)
it should be opaque, relatively smooth, and highly light-reflecting, so
as to act as a mirror; (3) it should have sufficient conductivity to con-
duect the full beam current; (4) it should be strong enough to withstand
the stresses due to effect of the focussed electron beam; (5) it should be
durable enough to be able to withstand the necessary subsequent proec-
essing of the tube; and (6) it should be of a metal that will not chemi-
cally react with the luminescent sereen material.

The metal chosen to work with is aluminum, because it combines
properties which provide 'the best compromise in meeting the above
conditions. It is easily applied by evaporation and does not affect
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luminescent screens. Its ability to meet condition (1) is indicated in
Figure 3 where are shown a group of calculated curves giving the frac-
tion of electron beam power that is passed by films of various thick-
nesses, as a function of the initial beam voltage. It will be noticed that a
10,000-volt beam will retain only 159, of its incident energy on passing
through an aluminum film 5,000 A thick. A film 2,000 & thick will pass

FRACTION OF ELECTRON BEAM POWER
PASSED BY ALUMINUM FILM AS A FUNCTION
OF BEAM VOLTAGE AND FILM THICKNESS.

09
0.8+
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0.6
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I i I
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BEAM VOLTAGE IN KILOVOLTS

Fig. 3.

tifty-seven per cent and a film 1,000 A will pass about T7% of the
energy. If we assume that the effect of the mirror is to double the
apparent brightness, then it is evident that a tube operating at 10,000
volts and with a film about 3,000 & thick will show no difference from
an unaluminized standard tube at the same voltage.. It should be
noticed, however, that a moderate increase in voltage causes a rapid
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decrease in percentage loss of beam energy in the film. Experience has
indicated that the most useful range of film thickness is between 500 A
and 5,000 A.

In order for the film to meet condition (2), “that it be relatively
smooth and mirror like”, it has been found possible to cover the fluores-
cent screen with a thin film of organic material stretched over the
crystals like a blanket. This provides a smooth surface upon which the
aluminum can be evaporated. If such an intermediate film is not pres-
ent, the aluminum will be broken up on evaporation so that it will
not have its reflecting properties nor will it be continuous and con-
ducting in the thicknesses necessary for low voltage operation. In
order to obtain conductivity without the organic film, it would be neces-
sary to evaporate five to ten times as much aluminum as is now neces-
sary. This is why previous metallized screen tubes were restricted to
high voltage operation.

These earlier tubes were aluminized in order to avoid undesirable
effects due to poor secondary emission from the screen. It can readily
be shown that if one tries to operate tubes at a voltage such that the
secondary emission ratio from the screen is less than one to one, the
screen will accumulate sufficient charge to slow up approaching elec-
trons to a velocity at which the secondary emission is unity. This means
that the screen is effectively operating at a voltage that may be consid-
erably less than that applied to the tube. This is known as the “stick-
ing” effect and is almost entirely corrected by providing a conducting
layer over the screen. The new method of providing an aluminum film
makes possible the correction of the effects due to secondary emission
difficulties in tubes operating in the voltage range in which kinescopes
are now operated. Thus the choice of luminescent materials for the
sereen is enlarged and improved techniques for applying these screens
to the tube face are made available.

This aluminum film also provides a new line of attack on the old
television tube problem of ion spot. Ions can be completely stopped by
a film of aluminum that will readily pass electrons. Experience with
tubes in the laboratory has shown that, with the right set of conditions
—such as proper aluminum thickness and reasonably low gas pressure
—tubes can be made which will show no ion spot at normal operating
voltages.

Among other advantages of the aluminum film are the protection of
the phosphor during processing and life and the improvement of the
stability of the pattern with regard to displacement due to surface leak-
ages on the face of the tube such as are produced if one touches the face
of an operating kinescope.
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Figure 4 gives the efficiency in candle power per watt as a function
of applied voltage and at a fixed beam current obtained for two labora-
tory-made 12-inch tubes, identical except that one was aluminized. These
curves are typical of measurements made on a number of tubes. It is
to be noted that at the lower voltages the unaluminized tube has the
higher efficiency whereas above the cross-over voltage the aluminized
tube has the higher efficiency. The cross-over voltage which is con-
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trolled by the aluminum thickness is primarily dictated by such con-
siderations as operating voltage and ion spot elimination. As seen from
Figure-4, the increase in efficiency above the cross-over voltage is quite
considerable; for luminescent screens with poor secondary emission
characteristies, the gain may be considerably greater than that shown
on the figure.




OBSERVATIONS AND COMPARISONS ON RADIO
TELEGRAPH SIGNALING BY FREQUENCY
SHIFT AND ON-OFF KEYING*

By

H. O. PETERSON, JOHN B. ATwoop, H. E. GOLDSTINE,
GRANT E. HANSELL AND ROBERT K. SCHOCK

Research Department, RCA Laboratories Division, Riverhead, I.. I., N, Y.

Summary—Comparisons were made between CW Telegraph (CWT: on-
off keying) and Frequency Shift Telegraph (FST) signals received from
Bolinas, California et Riverhead, New York. The CWT signals were 7re-
ceived with o standard RCA Communications, Inc. three-receiver diversity
group and the FST signals were received through a frequency shift adaptor
using two receivers of the same diversity group. The quality of the circuit
was indicated by error counts on a five-unit start-stop printer, using a recur-
ring series of test words transmitted from a loop of perforated tape at San
Francisco, Calif. High speed dots were observed on an oscilloscope. Four-
channel multiplex seven-umit printer signals were observed several days
in New York.

It was concluded:

1. The FST system (2 receivers) used in these tests gave an equivalent
power gain of approximately 11 decibels over the CWT system (8 receivers).

2. It was found that when printer errors are caused by noise, the
number of errors per thousand letters is inversely proportional to the 0.75
power of the transmitter power. A field strength of approximately 10 micro-
volts per meter was required for an accuracy of one error in ten thousand
letters on FST with two-receiver diversity, and approximately 40 microvolts
per meter were required for the same accuracy on CWT with three-receiver
diversity.

8. The gain due to the use of the space diversity principle in the F'ST
unit is approximately 10 decibels where noise is a limiting factor. There is
also a considerable diversity gain where multipath distortion is a limitation.
This gain cannot be expressed on a power basis since multipath distortion
causes errors independent of power.

4. The gain due to three-receiver diversity on CWT was 10.5 decibels.

5. The use of superimposed 200 cycle phase modulation was not found
to yield a gain on the FST system when space diversity is provided. How-
ever some gain is indicated where a single receiver is used.

6. It was found the FST system would satisfactorily carry a four
channel time division multiplex signal operating seven-unit printers. As the
signal faded into the moise level the FST system carried the signal longer
than the CWT system.

7. Oscilloscopic observation of high speed dots indicated the top speed
possible, when limited by multipath effects, would not be greater for FST
than for CWT. It is estimated the baud length should mot be shorter than
1.38 times the multipath elongation time. In the presence of multipath
echo, the results on CWT can sometimes be improved by operating with

* Decimal Classification: R531.8.
11



12 RCA REVIEW

light telegraph bias at the transmitter but for FST the results are optimum
when the telegraph bias is neutral at the transmitter.

8. It was determined that multipath distortion is more troublesome
when the frequency shift is reduced. It appears a shift of 850 cycles is a
good choice for the present system, with anticipated multipath conditions,
and a keying speed corresponding to 4-channel seven-unit printer multiplex.
A shift on the order of 1400 cycles is indicated for an operating speed cor-
responding to eight-channel multiplex.

9. It was determined that the four-channel seven-unit printer signal,
using FST with 850 cycles shift, can be received with a receiver bandwidth
of 1 kilocycle. Eight-channel multiplex would generally be received with the
2 kilocycles receiver bandwidth.

10. It was determined that the length of the propagation path does not
vary greatly with time. Over a period of eight hours the maximum variation

m time of arrival was approximately two milliseconds. This indicates it
should be feasible to use precision frequency standards to maintain synchro-
nism in a time division multiplex system.

INTRODUCTION

HIS paper presents the results of a series of tests which were
” conducted at the request and with the cooperation of RCA Com-
munications, Inc. to evaluate the benefits to be derived from fre-
quency shift keying. The tests were made over a radio circuit from the
transmitting station at Bolinas, California, to the receiving station at
Riverhead, New York, during the period from June 27, 1945 to Septem-
ber 1, 1945. These tests were made as a part of a program of research
and development in the field of frequency modulation and frequency
shift signaling which has been carried forward during the past two
decades.

DESCRIPTION OF TEST CIRCUIT
A. Transmitter

The transmitter was located at Bolinas, California and a block
diagram of the equipment is shown in Figure 1.

The transmitter consisted of a standard RCA Communications 1
kilowatt transmitter as modified for the transmission of frequency shift
keying by the addition of the Transmitter Frequency Shift Keying
Unit. During the tests, the transmitter output power actually used was
varied from 22 watts to several hundred watts. For most of the tests,
the transmitter was connected to a horizontal doublet directed towards
Riverhead.

The F-S Keying Unit replaces the normal crystal oscillator stage
in the transmitter, and should provide average frequency stability
comparable to the usual crystal units. A stable 200 kilocycle oscillator is
frequency modulated by a reactance tube in accordance with the keying
signal applied to the grid of the reactance tube. The output of the
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200 kilocycle oscillator is combined with a crystal oscillator in a bal-
anced modulator and the upper sideband (sum of crystal and 200 kilo-
cycle oscillator frequencies) is selected and fed to an amplifier-doubler
output stage. The radio frequency output from the F-S Keying Unit is
fed to the transmitter by a short length of radio frequency transmission
line. A 200 kilocycle crystal oscillator is supplied to provide a means of
calibrating the 200 kilocycle frequency shift oscillator.

1 KW TRANSMITTER
TRANSMIT TER FS KEYING
UNIT
onoff freq shift
Y

LINE HIGH PASS TONE SIGNAL
AMPLIFIER FILTER CONVERTER
2300w

TRANSMITTTING STATION
BOLINAS, CAL.

MUX LINE HIGH PASS
TONE KEYER AMPLIFIER FILTER
2300n
5-UNIT S5-UNIT
TRANSMITTING (. ___]| TELETYPE
HEAD PERFORATOR

TERMINAL EQUIPMENT
SAN FRANCISCO OFFICE

Fig. 1—Functional diagram of transmitting equipment.

B. Receiver

The receiver was located at Riverhead, New York, and a block
diagram of the equipment is shown on Figure 2.

The receiver consisted of a standard RCA Communications three-
receiver diversity as modified for the reception of frequency shift key-
ing by the addition of the Frequency Shift Adaptor. The regular
diversity Tone Keyer output was connected to a Line Amplifier-
Rectifier which-operated a 5-unit Teletype Printer. The inputs to the
three receivers were connected to fishbone antennas directed towards
Bolinas.
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Located in another building at Riverhead was a single receiver
which was used to record the strength of one of the signals used in the
test. It used a tilted rhombic antenna directed towards Bolinas.

The Frequency Shift Adaptor was designed to adapt either a two-
receiver diversity, or any two receivers of a three-receiver diversity,
to the reception of frequency shift keying. In the case of a three-
receiver diversity, the 50 kilocycle outputs from the intermediate fre-
quency amplifiers of the three receivers are fed to the F-S Keying Unit
over three coaxial cables. The selection of which two of the three re-

FISHBONE ANTENNAS TILTED RHOMBIC
™ . -
| = : :
— = fE
|| i
l R-F AMP R-F AMP R-F AMP R-F AMP
[ e S — - O
- T
(8]
| [y ]
«
I'F AMP I-F AMP 1-F AMP I-F AMP
33 33 2
soke | 3 ke | 53 L_soke | &3
L F
o(3
I | )
SIGNAL
oo
CONTROL e
Ff}KEYING PANEL ERNE(::ORER
f X -
UNIT nif of
LINE S-UNIT
TONE KEYER AMPLIFIER- | | PRINTER

RECTIFIER

RECEIVING STATION
RIVERHEAD,N.Y.

Fig. 2—Functional diagram of receiving equipment.

ceivers are to be used is made by means of two switches labeled A and
B (Figure 2). Switch A is used to select between receivers one and
two and Switch B to select between receivers two and three.

In the block diagram, Figure 3, the treatment of selected signals A
and B is shown. Each signal is separately amplified, limited, fed
through discriminators and detected. At this point (6SA7 gates,
Figure 3) the unit automatically selects the output of the detector
associated with the stronger signal and passes it on to the rest of the
circuit.




FREQUENCY SHIFT AND ON-OFF KEYING 15

Due to frequency diversity, the mark and space frequencies will
fade at random with respect to each other much of the time on a given
antenna. However, due to space diversity, the relative strength of
mark or space will probably be different at any given instant on a
second antenna. Thus there will be intervals when signal A is stronger
than signal B on mark frequency but weaker than signal B on space
frequency or vice versa. At such times the automatic selector will
choose one detector output during the mark interval and the other
detector output during the space interval.

The automatic selector consists of a pair of differentially connected

50kec INPUT A 50kc INPUT B
|
y ¥
DIFFERENTIAL
AMPLIFIER RECTIFIER AMPLIFIER
s e -

|

Y Y Y
LIMITER DOUBLE LIMITER
DISCRIMINATOR TRIGGER DiISCRIM INATOR
DETECTOR DETECTOR
— T
¥
65A7

o GATES e ]

|

¥

LOW PASS
FILTERS
Y
DOUBLE
TRIGGER

v
TO TONE KEYER

Fig. 3—Functional diagram of frequency shift adaptor unit for the receiver.

diodes which rectify the 50 kilocycle outputs from the two intermediate
frequency amplifiers. The differential voltage developed is used to trip
a double trigger which in turn operates a pair of gate tubes having a
common plate load and having their grids connected separately to the
two detector outputs.

The automatic selector will switch from signal A to signal B with
a difference in level of about 3 decibels. The actual switching time is
about 40 microseconds, but the decision to switch takes about 150
microseconds.

Following the gate tubes, the selected signal goes through either of
two low pass filters and a double trigger to the output. This second
double trigger squares up the wave form and operates the diversity
tone keyer.
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Figure 4 shows typical loss vs frequency characteristics of the two
low pass filters provided in the unit.
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Fig. 4—Attenuation characteristics of the low pass filters in the frequency
shift adaptor unit.
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Figure 5 shows the peak signal/noise ratio at the output of the 200
cycle low pass filter plotted against the peak carrier/noise ratio at the
output of the intermediate frequency amplifier (1000 cycle bandwidth)
using a total frequency shift of 850 cycles.

Figure 6 is a similar curve except that the bandwidth and frequency
shift have been cut in half and an additional curve added for a nar-
rower low pass filter.

The curves for both Figures 5 and 6 were taken at the keying speed
of a 5-unit start-stop printer, or about 22 cycles per second.
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Fig. 6—Signal to noise characteristics of frequency shift adaptor unit for
425 cycles shift, 500 cycles intermediate frequency bandwidth, 82 and 210
cycle low pass filters.

TEST PROCEDURE

The general procedure followed in making these tests was to trans-
mit a repeating tape for a 15 mihutepnterval with the transmitter
operating under one set of conditidns; br example, on-off keying and
a peak power output of 800 watts. For the next 15 minute interval, the

" transmitter would operate under another set of conditions; for exam-

ple, frequency shift keying and a peak power output of 200 watts. The
transmitter would then keep alternating between the two conditions
for the duration of the test period.
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At the receiving end, the number of errors made by the printer
were counted for each 15 minute interval. At the end of the test period,
a comparison was made between the total errors made under each con-
dition. If the two error counts came out the same, then the difference
between the two conditions was given by the power ratio used at the
transmitter. If they were not the same, the result was used to estimate
the power ratio that would be required to produce equality and another
run was made using this new ratio. The power ratio used was progres-
sively changed so as to go through the equality point as a4 further check.

The two test conditions were alternated every 15 minutes in order
to average out fading cycles and varying atmospheric conditions. For
most of the test conditions, the errors observed were due to atmospheric
noise, .

Two transmitter frequencies were available : KLR on 10,090 kc and
KEM on 15,490 ke. Most of the testing was done using KLR, as obser-
vation showed that more significant results would be obtained on the
lower frequency. One reason for this was that multipath effects were
present quite regularly on the lower frequency and very seldom on the
higher frequency. The signal strength of KLR was continuously
recorded in order to correlate signal strength against printer errors.

RESULTS

A. Comparison of Frequency Shift Keying (2 receiver diversity) and

On-0Off Keying (3 receiver diversity).

Table I shows the results obtained using a total frequency shift of
850 cycles. The Frequency Shift Adaptor used a 200 cycle low pass
filter in the detected output. The intermediate frequency bandwidth for
both frequency shift keying and on-off keying was 1 kilocycle. This
table shows that frequency shift keying is between 8 and 10 decibels
better than on-off keying. '

TABLE 1.
Transmitter KLLR

Peak Power Ratio Errors/1000 Characters Approximate no. of
(on-off = higher power) Freq. Shift On-off Churacters/sample
6.0 db 0.75 1.25 16,000
7.8 db 3.6 5.1 10,000
10.0 db 2.1 1.2 . 28,000
12.6 db 3.8 0.66 , 34,000

Another comparison can be obtained from Figures 7 and 8. For
these two curves, the printer errors per 1000 characters are plotted
against the field strength at the receiver location in decibels above 1
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microvolt per meter. At the speed used in these tests, approximately
10,000 characters were transmitted in one half hour, These curves are a
consolidation of all the applicable data obtained during the two months
of testing and hence should give a better long term comparison than
Table I. It should be pointed out that standard RCA Fishbone antennas
were used on the receiver and that their effective height was not meas-
ured. These curves would indicate that frequency shift keying (2
receivers) is 11 decibels better than on-off keying (3 receivers).
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Fig. T—Errors vs field strength for frequency shift keying using frequency
shift adaptor unit with two-receiver diversity on fishbone antennas, 1000

cygles inte.rmediate frequency bandwith, 210 cycle low pass filter, 850 cycles
shift, 5 unit start-stop printer. The total number of characters was 700,000.

The slope of the lines drawn on Figures 7 and 8 are also of interest.
If we let E represent the number of printer errors per thousand char-
acters, this can be expressed by the relation

1/E « (Power)®.
Figure 7 shows that for frequency shift keying

*r=10.8
and Figure 8 shows that for on-off keying
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£ 0.9
If & mean of the two is taken, the exponent of the power would be 0.75.

Another comparison between frequency shift keving and on-off key-
ing was made using a total frequency shift of 425 cycles. The Fre-
quency Shift Adaptor used a 70 cyele low pass filter in the detected
output. The intermediate frequency bandwidth for both frequency
shift keying and on-off keving was 500 cycles. The results are given in
Table 11 below, which shows frequency shift keving (2 receivers) to be
10 decibels better than on-off keving (3 receivers),
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Fig. 8—FErrors vs field strength for on-off keyipg with three-receiver diver-
ity on fishbune antennas, 1000 cycles intermediate frequency bandwidth, §-
unit start-stop printer. The total number of characters was 477,000.

TABLE I1.
Transmitter KLR
Peuk Puwer Ratio Errers 1000 Characters A pprorisate no. of
(on off = Mgher power)  Freq. Shift onug Charncters/sample
3db 17 50 9,000
6 db 2.5 5.8 32,000
10 db 3.1 3.1 51,000

14 db 59 35.5 22,000
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B. Gain Due to Space Diversity in F-S Adaptor.

Table I1I below shows the results obtained using a total frequency
shift of 850 cycles, an intermediate frequency bandwidth of 1 kilocycle,
and a 200 cycle low pass filter in the detected output. Interpolation
shows the improvement due to space diversity to be approximately 10
decibels.

TaABLE II1.
Transmitter KLR
Peak Power Ralio Errors/1000 Characters Approxrimate no. of
(1 set = higher power) 2 sets 1 get Characters/saniple
6.5 db 0.3 2.7 4,000
8.2db 4.2 4.7 55,000
12.0 db 10.7 8.8 21,000

C. Gain Due to Space Diversity on On-Off Keying Using RCA Com-
munications Diversity Receiver.
A similar set of observations indicated that for on-off telegraph,
a gain of 10.5 decibels was realized due to space diversity with the
three receiver diversity receiver used in these tests.

D. Gain Due to Fast Time Constant in F-S Adaptor.

The time constant referred to in the heading is that of the automatic
selector described in the Receiver Section. As stated there, the selector
determines which of the two incoming signals is the stronger. It has
a time constant of 150 microseconds. This fast time constant was com-
pared with a medium time constant of 0.2 seconds and a slow time con-
stant of 2 seconds. The intermediate frequency bandwidth was 1 kilo-
cycle and the total frequency shift was 850 cycles. Table IV shows that
the fast time constant is less than 6 decibels better than the medium
time constant and more than 6 decibels better than the slow time
constant.

TABLE IV.
Transmitters KLR and KEM
Peak Power Ratio Errors/1000 Characters Approximate no. of
(Fast = low power) Fast Medium Slow Characters/sample
0db 2.9 7.2 11.7 39,000
6 db 4.4 2.4 7.4 19,000

E. Phase Modulation Superimposed on Frequency Shift Keying.

For this test 200 cycles phase modulation, of one radian deviation,
was superimposed on 850 cycles frequency shift keying and this was
compared with frequency shift keying without the phase modulation.
An intermediate frequency bandwidth of 2 kilocycles was used when the
phase modulation was present, and a 1 kilocycle bandwidth when it was
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removed. To correct for the doubled intermediate frequency bandwidth
with phase modulation, the transmitter power was increased 3 decibels
when the phase medulation was added. The results are shown below.

TABLE V,
Transmitters KLR and KEM

Errors 1000 Characters

With Pliase Modnlation Withowt Phase Modulation Approrimale no. of

Jsels ! sef L sets 1 set (Characters/sample
(KLR) 2ol 1.9 2.4 4.2 10,000
(KEM) 2.4 Z) 3.3 6.4 8,000
Combined 2.3 6.9 2.8 5.2 18,000

Since the combinced errors per 1000 with phase modulation are
somewhat greater than those without phase modulation, it would appear
that to produce equality, it would be necessary to increase the trans-
mitter power about 1.5 decibels when phase modulation is added; 3
decibels to correct for the wider bandwidth required, and an additional
1.5 decibels calculated from the slope of Figure 6 to make the errors
equal. However, it is noted that in the case of the KLR test consider-
able improvement is indicated for a single receiver when phase modu-
lation was used. Since the KLR signals were subject to more multipath
effects than the KEM signals, this observation is probably significant
and suggests that a useful degree of frequency diversity gain can be
realized by the use of phase modulation on circuits where space diver-
sity cannot be provided.

Another run was made using equal power and an intermediate fre-
quency bandwidth of 1 kilocyele for the two conditions. This meant
that the phare modulation would swing about 125 cycles outside the
intermediate frequency filter pass band. For this condition, better
results were obtained without the phase modulation.

TABLE VI.
Transmitter KLR

Errors, 1000 Characters

With Phase Modulation Without Phase Modulation Approximate no. of
2 sels 1 set 2 sets 1 set Characters sample
0.9 1.9 0 0.9 10,000

F. Comparison of Frequency Shift Keying (2-receiver diversity) and
On-Off Keying (3-receiver diversity) Using 4-Channel Multiplex.
The comparison of frequency shift and on-off keying was made in

two ways. The first method was quite similar to that used in the pre-

ceding comparisons with modifications as required by the use of multi-
plex. Either KLR or KEM was run dual with the regular multiplex
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traffic circuit, one channel of which was provided with a repeating tape.
No separating equipment was available at Riverhead, so the signal was
sent in to New York over the land line and the separation performed
there. The transmitter in use alternated 15 minute periods on each
type of keying and made power changes as required. A frequency shift
of 850 cycles was used and an intermediate frequency bandwidth of 1
kilocycle. Table VII shows the results of these tests which extended
over a period of three days.

TABLE VII.
Transmitters KLR and KEM

Peuak Power Ratio Errors/1000 Characters Approximate no. of
(On-off = higher power) Freq. Shift On-off Characters/sample

(KLR) 0db 1.0 3.1 47,000

(KLR) 64db 1.0 3.9 6,500

(KEM) 64db 0.3 0.5 11,000

(KEM) 9db 0 0.2 15,000

The difference in the error ratios between KLR and KEM should
be noted for the 6 decibels power ratio. On KLR, on-off keying made
nearly four times as many errors as frequency shift keying. On KEM,
on-off keying made only 1.6 times as many errors as frequency shift
keying. This difference can be accounted for by the fact that multipath
and high fading ratios existed on the KLR frequency, whereas the
KEM frequency was characterized by very slow fading and lack of
multipath. Table VII shows that frequency shift keying (2 receivers)
is over 9 decibels better than on-off keying (3 receivers).

During this test, it was found that the 4-channel multiplex could
be passed satisfactorily through the 1 kilocycle band pass filter in the
intermediate frequency amplifier and the 200 cycle low pass filter in the
F-S adaptor.

For the second comparison, two transmitters were used. KEM
(15490 ke) was used to transmit frequency shift keying with 850 cycles
shift and KKL (15475 ke) was used to transmit on-off keying. The
two transmitters were run dual and again one channel was provided
with a repeating tape and the separating was done in New York. The
two transmitters were similar and they used similar antennas. The
voltage induced in the receiving antennas was measured from time to
time with a signal generator.

This test started at 5 PM one evening and ran to 9 AM the next
morning. Both signals faded into the noise at about 4 AM so that the
actual available test time was about 11 hours. During this period,
simultaneous observations were taken and the results are plotted on
Figure 9. It was noted that the FST circuit carried the signal longer
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than the CW'T circuit when the signals were fading into the noise at
the fade out period.

(. Oscilloscope Observations of F-S Keying and On-Off Keying Re-
versals.

A large number of oscilloscope observations were made of 50-50
mark-space keying for the purpose of determining the effect of multi-
path transmission on the possible keying speed of the circuit. Keying
speeds of 60, 120, and 180 cycles were used with frequency shifts vary-
ing from 180 to 1360 cycles.
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Fig. 9—Errors vs induced signal strength for 4-channel multiplex. For

on-off keying, a three-receiver diversity having 1000 cycle intermediate fre-

quency bandwidths was used. For frequency shift keying, a two-receiver

diversity having 1000 cycle intermediate frequency bandwidths and a 210
cycle low pass filter was used. The shift was 850 cycles.

The transmissions were synchronized with the sixty cycle power
supply at Bolinas. At the receiver, the oscilloscope was synchronized
with the local sixty cycle power supply. The two power supply fre-
quencies were near enough so that only a slow drift was observed on
the oscilloscope. A few 16 mm moving pictures were taken and Figures
10-25 are enlargements made of typical frames. In examining these

prints, the non-linear oscilloscope sweep should be kept in mind. The
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results obtained using the 120 cycle keying speed were intermediate to
those obtained using 60 cycles and 180 cycles and no pictures were
taken.

Fig. 11—210 cycle low pass filter
output using two-receiver diversity
with 1000 cycle intermediate fre-
quency bandwidths. 60 cycle revs
were used with 790 cycles shift.

Fig. 10—Gate output using one re-

ceiver with 1000 cycle intermediate

frequency bandwidth. 60 cycle revs
were used with 790 cycles shift.

Figures 10-13 show the normal undistorted waveforms appearing‘
at various points in the F-S adaptor.

Figure 10 shows the gate output. Single receiver, 1 kilocycle inter-
mediate frequency bandwidth, 60 cycle reversals, 790 cycles frequency
shift.
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Fig. 12—900 cycle low pass filter
output using two-receiver diversity
with 2000 cycle intermediate fre-
quency bandwidths. 180 cycle revs
were used with 720 cycles shift.

Fig. 13—Tone keyer output using

two-receiver diversity with 1000

cycles intermediate frequency band-

widths. 60 cycle revs were used
with 790 cycles shift.

Figure 11 shows the output of the 200 cycle low pass filter. Two
receivers, 1 kilocycle intermediate frequency bandwidth, 60 cycle re-
versals, 790 cycles frequency shift.

Figure 12 shows the output of the 900 cycle low pass filter. Two
receivers, 2 kilocycle intermediate frequency bandwidth, 180 cycle re-
versals, 720 cycles frequency shift.

Figure 13 shows the output of the tone keyer. Two receivers, 1
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kilocycle intermediate frequency bandwidth, 60 cycle reversals, 790
cycles frequency shift.

Figures 14-18 illustrate transients produced by multipath trans-
mission as observed at the gate output. The time delay due to the multi-
path causes both mark and space frequencies to be present simultane-
ously for a short period following the transitions from one frequency
to the other. The beat note between the two frequencies causes a tran-
sient whose amplitude and direction is a function of the relative ampli-
tudes and phases of the two frequencies.

Fig. 14—Gate output using one re- Fig. 15—Gate output using one re-

ceiver with 1000 cycle intermediate ceiver with 1000 cycle intermediate

frequency bandwidth. 60 cycle revs frequency bandwidth. 60 cycle revs
were used with 180 cycles shift. were used with 180 cycles shift.

Figures 14 and 15 show the gate output using a single receiver,
1 kilocycle intermediate frequency bandwidth, 60 cycle reversals and a
frequency shift of 180 cycles. The amplitudes of the transients in
Figure 14 are about twice the amplitude of the signal.

F1g 16—Gate output using one re- Fig. 17—Gate output using one re-

ceiver with 1000 cycle intermediate ceiver with, 1000 cycle intermediate

frequency bandwidth. 60 cycle revs frequency bandwidth. 60 cycle revs
were used with 790 cycles shift. were used with 790 cycles shift.

Figures 16 and 17 were taken under the same conditions except'

that the frequency shift has been increased to 790 cycles. Here the

amplitudes of the transients are only slightly larger than the amplitude
of the signal.
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There is a small amount of 50 kilocycles present at the gate output
and, with fast fading or transients, this appears occasionally as the
dotted traces which can be seen in these figures.

23z

Fig. 18—210 cycle low pass filter
output using two-receiver diversity
with 1000 cycle intermediate fre-
quency bandwidths. 60 cycle revs
were used with 790 cycles shift.

Fig. 19—Gate output using two-

receiver diversity with 1000 cycle

intermediate frequency bandwidths.

60 cycle revs were used with 790
cycles shift.
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Figures 18-21 show typical transients at various points when two
receivers are used to obtain diversity. They were all taken under the
same conditions; two receivers, 1 kilocycle intermediate frequency
bandwidth, 60 cycle reversals, and a frequency shift of 790 cycles.
Figure 18 is the output of the 200 cycle low pass filter and Figures 19-

20 are of the gate output.

Fig. 20—Gate output using two-re-

ceiver diversity with 1000 cycle in-

termediate frequency bandwidths.

60 cycle revs were used with 790
cycles shift.

Fig. 21—Gate output using two-re-

ceiver diversity with 1000 cycle in-

termediate frequency bandwidths.

60 cycle revs were used with 790
cycles shift.

The gate switching time can be seen on Figure 20 as a gap in the

gignal trace.
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Figures 22-25 are all of the 900 cycle low pass filter output using a
2 kilocycle intermediate frequency bandwidth, 180 cycle reversals and

JAN

Fig. 22—900 cycle low pass filter
output using two-receiver diversity
with 2000 ecycle intermediate fre-

Fig. 23—900 cycle low pass filter
output using two-receiver diversity
with 2000 cycle intermediate fre-:

quency bandwidths. 180 cycle revs

quency bandwidths. 180 cycle revs
were used with 720 cycles shift.

were used with 720 cycles shift.

720 cycle frequency shift. Figures 22-24 were made using two receivers
and Figure 25 with one receiver. The non-uniform mark, most notice-
able in Figure 23 was produced by the transmitter. Every third mark
character was narrow. This was not a normal condition, and was intro-
duced in some way by the connections used to synchronize the 180 cycle
reversals with the 60 cycle power line frequency.

Fig. 24—900 cycle low pass filter
output using two-receiver diversity
with 2000 cycle intermediate fre-

Fig. 25900 cycle low pass filter
output using one receiver with 2000

. cycle intermediate frequency band-
quency bandwidths. 180 cycle revs width. 180 cyele revs were used

were used with 720 cycles shift. with 720 cycles shift.

Unfortunately, due to wartime conditions, additional film could not
be obtained in time to take similar pictures for on-off keying. However,
oscilloscope observations of on-off keying (made &t the tone keyer grid)
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showed that with 60 cycle reversals the mark character varied from
509, mark to 709 mark. With 180 cycle reversals, the mark was quite
often 709% and there were times when complete fills would occur.

H. High Speed Reversals Using Quartz Crystal Frequency Standards
for Synchronization.

An experiment was conducted to determine whether the arrival
time was seriously affected by short time and diurnal variations in the
height of the ionosphere.

The KLR transmitter at Bolinas sent out 50-50 mark-space fre-
quency shift keying at a 100 cycle rate which was locked in synchronism
with a precision frequency standard located at the Frequency Measur-
ing Laboratory of RCA Communications at Point Reyes, California.
An oscilloscope on the receiver was synchronized with 100 cycles de-
rived from the frequency standard of the Frequency Measuring Labora-
tory at Riverhead.

It was found that the relative phase drift amounted to 1Yz milli-
seconds after 5 hours (starting about 3 AM), which corresponds to a
relative frequency stability of 1 part in 13.5 X 105, if we assume the
path length remained constant. 1f we assume the two frequency stand-
ards were exactly equal, this observed drift of 1%3 milliseconds would be
due to variations in the ionosphere affecting the path length. The time
required for the radio wave to travel from Bolinas to Riverhead was
calculated to be approximately 14.5 milliseconds. There was no evi-
dence of large scale rapid fluctuation in the average travel time.

From these observations, which included a period of multipath
transmission, it appears feasible to use precision frequency standards
(with a very slow acting minor adjustment of phase) for multiplex
synchronization.

Since the signal arrives simultaneously over several paths of dif-
ferent lengths, and since the relative strengths of these components
vary with time, the instantaneous timing of the bauds coming out ot
the limiter will fluctuate by an amount equal to the multipath delay
time. Both the leading and trailing edges of a baud will fluctuate by
this amount. During these observations on KLR, this fluctuation in
timing amounted to 2 milliseconds when multipath was most extreme.
At other times it was as small as ¥4 millisecond.
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Figure 26 illustrates the variation of baud timing due to multipath
effects in a simplified case.

In this figure, “a” and “b” represent the frequency shift signal on
reversals coming in over two paths. The signal over path “b” arrives
two milliseconds later than the signal over path “a”.
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Fig. 26—Frequency shift keying
baud timing changes due to multi-
path.

Both the path “a” and the path “b” signals are present in the re-
ceiver, one or the other being the stronger depending on momentary
conditions in the two paths. Both signals enter the limiter.

During the indicated time intervals 0 to 2 and 6 to 8 milliseconds,
both mark and space frequencies are present in the limiter input. When
the path “a” signal is slightly stronger than the path “b” signal, the
time-frequency plot of the signal at the limiter output is as in diagram
“c”. When the path “b” signal is a little stronger than the path “a”
signal, the signal at the limiter output is represented by diagrg’m “d”.

The limiter output is passed in sequence through a discriminator, a
rectifier, and a low pass filter. The output of the low pass filter is repre-
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sented by diagrams *“g” and “h”. Diagram “g” represents the condition
in which the path “a” signal is stronger and “h” represents the condi-
tion in which the path “b” signal is the stronger.

The output of the low pass filter actuates the trigger which in turn
controls the output of the tone keyer. The trigger operates when the
sutput of the low pass filter reaches a value about 259 short of the
extreme voltage swing, in either direction. This results in a tone keyer
output represented by envelope traces ““j”’ and “k’’. Envelope “j” is the
output when the path ‘“a” signal is the stronger and envelope “k” is
the output when the path “b” signal is the stronger. The timing of the
“j” and “k” bauds differ by two milliseconds in this example.

In this series of diagrams, the requirement of the multiplex timing
would be that “contact” be made during the interval from 4 to 8 milli-
seconds on the indicated time scale. If the duration of “contact” is 109
of a baud, this allows a range of approximately +=1.7 milliseconds for
the error of synchronization.

As stated above, this series of diagrams represents a much simpli-
fied condition. Under some conditions the baud length will vary. How-
ever, the observations indicated that the portion of the baud between
4 and 8 milliseconds, on the time scale of these diagrams, will be
reliable.
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LOCAL OSCILLATOR RADIATION AND ITS EFFECT
ON TELEVISION PICTURE CONTRAST*

By
E. W. HErOLD

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

Summary—The objects of this paper are (1) to investigate the effect
on a television receiver of a c-w t interfering signal which lies in the high end
of the pictiwre band, (2) to set up « maximum permissible interference level,
and (3) to correlate this level with radiation from the local oscillator of
superheterodyne receivers,

It was observed that the chief annoying effect of interference at the
ligh end of the video band was a loss in contrast. A strong interference,
in fact, caused a complete loss in contrast or even a negative picture. Over-
all_contrast gradation curves were computed theoretically which checked
the cxperimental observations; the observations and computations indicated
that a 20 decibels signal-to-interference field strength ratio at the antenna is
w mininuon satisfuctory value, To maintain this ratio in a 500 microvolt-per-
meter region of « desived transmitter, nearby receivers must have a radia-
tion below 0.01 microwatts. Pre-war receivers, which used no radio fre-
quency stage, radiated 100,000 times as much as this and were extremely
unsatisfuctory. A grounded-grid triode radio frequency stage may give «
reduction of abowt 30 decibels or more and a pentode radio frequency stage
may be made even better, Other remedies are also discussed but all inerease
receiver cost somewhat. However, it is made eclear that an adequate tele-
vision service will require suppression of radiation if the frequency assign-
ments are such as to make interference possible.

1 Throughout this paper “c-w” indicates “continuous wave”.

I. INTRODUCTION

HE interference caused by local-oscillator radiation from super-
heterodynes has long been recognized as an important problem
in receiver design. In spite of this, very few published papers
indicate quantitatively how much radiation is present from various
receiver circuits or how much radiation might be considered tolerable.
In the sound broadcast field, even with the commonly used multi-grid
mixers and converters which give partial separation of the local oscilla-
tor from the antenna, the radiation problem is serious in the short-
wave bands.! ** In television reception, it has been common practice

* Decimal Classification: R583.15.

' R. Moebes, “The Superheterodyne Receiver as a Source of H-F Inter-
i‘zz%nce,” Telégr.-Fernspr.-Funk-u, Fernschtech., Vol. 29, pp. 199-201, July,

* R. Moebes, “On the Permissible Value of Local Oscillator Voltage at
the Antenna of Superheterodyne Receivers,” Telégr.-Fernspr.-Funk-u.
Fernschtech, V_ol._31, pp. 217-222, August, 1942,
8 G. S. Wickizer, “Radiation from Superheterodyne All-Wave Receiv-
" unpublished report of RCA Communications, Inc., April 7, 1937.
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to use triode or pentode mixer tubes because of their high signal-to-
noise ratio? and, when no radio frequency stage is used, the radiation is
high. In the New York area, the channel assignments throughout the
war were such that, with the usual 12.75-megacycle intermediate fre-
quency, a receiver tuned to channel 1, 50 to 56 megacycles, radiated a
local-oscillator frequency of 64 megacycles which lay in the upper video
frequencies of channel 2, 60 to 66 megacycles. Post-war frequency
assignments and choice of intermediate frequencies will undoubtedly be
different but the problem remains and is the reason for the writing of
this paper. The work to be described is also applicable to other types
of c-w interference (such as sound carriers in the picture channel and
harmonic radiation from amateur and other services) and, to a lesser
extent, to certain types of noise interference.

To the writer’s knowledge, only one study of the interference
problem in television has been published to date.? This study provided
an excellent start, but was made using British television standards,
with viewing tubes and picture pick-ups in common use at the time,
and was entirely subjective. Furthermore, when c-w interference was
studied, the interference was introduced into the video circuit so that
an interference pattern might be observed at all light levels. Prac-
tically, when the interference comes through a receiver antenna circuit
and with light levels such that the picture carrier is of very small
amplitude, the interference pattern may not be observable on a kine-
scope or viewing tube. The U. S. standards, which incorporate negative
modulation and vestigial sideband operation, require other special
consideration. The present report is intended to treat the problem
when U. S. standards are used; the conclusions will be based on
objective analysis supported by a subjective study.

In the reception of a television picture, a small interfering signal
will give rise to a pattern which can sometimes be observed on the
viewing screen at certain light levels. If the interfering frequency is
close to the picture carrier, the “‘beat” interférence is of low frequency
and gives rise to relatively large vertical or horizontal bars (i.e., large
detail patterns). Jarvis and Seaman’ showed that such a condition is
the most annoying to the viewer, particularly when the bars are sta-
tionary, i.e., the beat frequency is synchronized with the scanning
system. With present U. S. standards, the video channel is about 4

4+ E. W. Herold, “Superheterodyne Converter System Considerations in
'I;’elevision Receivers,” RCA REVIEW, Vol. 4, No. 3, pp. 324-337, January,
1940. .
SR, F. J. Jarvis and E. C. H. Seaman, “The Effect of Noise and Inter-
fering Signals on Television Transmission,” Post Office E. K. Journal,
Vol. 32, pp. 193-199, October, 1939.
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megacycles or more wide so that low-frequency beat interference
(under 1 megacycle) is not as probable as higher frequency beats (i.e.,
small detail patterns). Furthermore, it would be wise to choose an
intermediate frequency so that receiver local-oscillator radiation will
not produce the most annoying interference, namely, large detail pat-
terns. In the present study, therefore, only higher frequency heats will
be considered and, since synchronization with the scanning system is
unlikely, it will be less important to consider the annoyance of the
possible small-detail fluctuating pattern, and more important to con-
sider other effects due to the interference. The chief one of the other
effects is a degradation of picture quality due to a loss in contrast.

II. P1cTURE CONTRAST WITH SMALL CONTINUOUS WAVE INTERFERENCE

In order to obtain an understanding of how picture contrast is
affected by an interfering c-w signal, let us look at Figure 1. At (a) is
shown a typical black-white transition in a simulated television modu-
lated signal with conventional negative polarity (i.e., decreasing carrier
for increasing light levels). During the black portion, the transmitter
sends out nearly maximum output, increasing to a peak only for the
synchronizing and blanking interval. During a white picture, the
carrier of an ideal transmitter is very low, substantially zero for the
brightest light values; only for the synchronizing pulses is peak carrier
amplitude attained.* When such a signal is received, the final detector
follows the carrier envelope and the direct current restorer system oper-
ates so that black level is set at the point shown. Such a signal will pro-
duce maximum light output on the viewing tube (kinescope) for the
white part, and minimum light for the black part, the ultimate contrast
range being set by the picture viewing tube capabilities, room lighting,
ete.

In Figure 1 (b) is shown a similar received carrier combined with
an interfering unmodulated carrier whose frequency is assumed to be
such that the “beat” is in the high video range. Assuming the black
level setting of the viewing tube is unchanged from Figure 1 (a), it
is seen that the originally black portion of the signal envelope now has
small periodic excursions toward white. If the “beat” is high,t the
eye will not observe the checkered nature of the pattern so much as
the fact that the general black level illumination has been raised, i.e,,
the blacks now look grey. With the idealized 100% modulated carrier

* In practical transmitters, 1009 modulation is not always reached so
that white level may correspond to a larger carrier than shown on PFigure 1.
This_changes the effects described quantitatively by a small amount but,
qualitatively, the idealized 1009 modulation herein treated is entirely
adequate to explain the behavior.

T Or if the viewing distance is sufficiently large.
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here assumed, in the white portion of the picture, there is no “beat”
since the picture carrier is zero.* The interference, however, causes
a spurious carrier to appear at the receiver so that, instead of a com-
pletely white output, the brightness is decreased again toward the grey.
Thus, both the black and the white portions of the picture are shifted
toward each other, i.e., toward a neutral grey. The picture contrast
has then suffered.

If the receiver controls are readjusted, of course, the over-simplified
case of a black to white transition. which we have been discussing, can
be corrected while the interference is present. With an actual picture,
however, no correction is possible without an almost complete loss of
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Fig. 1—Received television signals showing how an interfering c-w leads to
loss in contrast, even to the point of a negative picture (case c).

the picture tone values at the extremes of brightness; the loss will be
particularly serious in the darker portions and can be interpreted as
a loss in gradation contrast or “gamma.” If the direct current restoring
system of the receiver follows the peak values of the “beat” during syn-
chronizing intervals, there is less tendency for the white part to become

#* It should be noted that this condition cannot be duplicated by intro-
ducing the interference in the video frequency band as was done by Jarvis
and Seaman (Reference 2).
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grey but the raised brightness of the black becomes worse. Practically,
many present television receivers use a direct current restoring system
which will follow the average, not the peak, of the synchronizing pulse
whenever the “beat” lies above a megacycle or so. This is caused by the
relatively poor high-frequency video response of the restorer input,
since high-frequency response is not needed in this circuit., Thus, in
these receivers, the interference considered here has no effect on the
black-level setting and the observed effects will be substantially as
indicated on Figure 1, i.e., the black appears grey and the brightness
of the white parts is reduced. Similarly, receivers with a limiter ahead
of the peak-operated type of direct current restorer, will operate very
much like the average-operated type.

IIl. THE NEGATIVE PICTURE PRODUCED BY STRONG INTERFERENCE

In conducting experiments on the effect of c-w interference, it was
observed that a strong interfering signal gave rise to a picture of
reversed contrast, i.e.,, the dark portions of the original became the
light portions of the reproduction and vice versa. Although this phe-
nomena had been observed by others, for example when a strong sound
carrier was tuned into the picture channel, it had usually been assumed
that overloading occurred, or some other unusual behavior was present.
However, the writer’s experiments showed that the effect existed when
there was no overloading and, indeed, was a straightforward extension
of the contrast loss phenomenon described above. In fact, the experi-
ments showed that, as the interfering carrier was increased, the picture
contrast steadily decreased until, at a definite point, the picture was
substantially “washed out.” Further increase of interference gave a
negative picture of rather poor contrast and, finally, with interference
signals far in excess of the black-level picture signal the picture again
disappeared. Synchronization was well maintained throughout, with
little or no apparent effect due to the interfering c-w. The scanning
return lines are, of course, visible in such a negative picture since there
is no blanking.

Figure 1 (¢) shows how a large interfering c-w can lead to a nega-
tive picture. When the interference approximately equals the picture
carrier during black transmission, the “beats” produced alternately
raise the received signal to double amplitude and reduce it to substan-
tially zero amplitude. Thus, with a black transmitted picture, the view-
ing tube has excursions extending to full white, leading to an average
brightness well up in the grey region. On the other hand, during white
transmission, the transmitted carrier is not present and no ‘“beats”
occur. The interfering c-w simply replaces the normal picture carrier
and makes the picture appear black. To summarize this, the black

—m e mm
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transmissions now appear grey and the white transmissions appear
black, leading to a complete reversal of contrast (i.e., a negative
gamma).

It was here assumed that the direct current restorer of the receiver
is unaffected by the interference and, as already indicated, this is typi-
cal of the many receiver circuits in which either direct current restoring
follows the average of the high video-frequency beat or in which
limiters are used. A direct current restorer whose input contained all
video components and whose output followed peak amplitude would not
lead to a complete washout of the picture or a negative picture, although

~—— PEAKING COILS
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DUE TO GRID CURRENT
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Fig. 2—(A) A direct current restoring circuit which does not follow high

video frequencies and so permits strong interference to produce a negative

picture; (B) a direct current restoring circuit which operates on the peaks

of a synchronizing wave and so does not give a negative picture (unless a
limiter precedes the circuit).

the loss in contrast is more serious than with the averaging type of
direct current restorer. In this connection, two typical direct current
restorer circuits are shown in Figure 2. One of these, Figure 2 (A), is
of the averaging type and can give rise to a negative picture while the
other, Figure 2 (B), is of the peak type and cannot (i.e., unless preceded
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by a limiter). In a later section of this paper calculations will be made
which show the contrast loss of receivers with each type of restorer as
a function of interfering amplitude.

IV. CONTRAST EVALUATION

To evaluate quantitatively the effect of interference on contrast, it
Is necessary to consider the various ways in which the contrast of a
reproduced picture may be expressed. The simplest expression for the
contrast is simply the over-all maximum brightness ratio, i.e., the ratio
of the light from the brightest portion of the reproduced picture to the
light from the darkest porticn. In a perfect system, this ratio ean be
infinite since the darkest portion can be completely black. Maximum
contrast ratio has been used to discuss kinescope performance® although
it is then necessary to distinguish between halation effects and normal
large-area contrast ratio. It is often stated” that a ratio of 35:1 or
more is desirable in a television picture and such ratios are attainable
with the best reproducing systems. We shall use degradation in maxi-
mum contrast ratio as one criterion for estimating the effect of c-w

interference. (=

In photography, it has long been well known that, even if the maxi-
mum contrast ratio is fixed, startling changes in appearance are made
possible by difference in the contrast gradation, i.e., the way in which
various brightness values of an original are interpreted in the repro-
duction. The same is, of course, true in television. If a curve is drawn
of reproduced light values as a funetion of original light values, com-
plete information on contrast gradation is shown. Furthermore, such
a curve may also indicate maximum contrast ratio by the ratio of the
maximum to minimum light value at the ends of the curve, The over-all
contrast gradation curve is, therefore, an even more significant meas-
ure of the degradation caused by an interfering signal; such curves
will also be used in this paper.

Practically, whether or not an interfering signal is noticed depends
upon the quality of the over-all system when free from interference.
There are many grounds for believing that future television pictures
will be far superior in their contrast range and low-light tone rendi-
tions than those which are presently called high in quality. In consid-
ering interference, therefore, it is well to concentrate on the effect
which is obtained when the received picture is more nearly ideal, since
this will have most value for the future. In this respect, an objective

5 R. R. Law, “Contrast in Kinescopes,” Proc. IRE, Vol. 27, pp. 511-524,
August, 1939.

TP. C. Goldmark and J. N. Dyer, “Quality in Television Pictures”,
Journ. Soc. Motion Picture Eng., Vol. 35, pPp. 234-253, September, 1940.
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study is at present more valuable than a subjective one made with less-
than-ideal viewing tubes, ete.

V. COMPUTED EFFECTS OF INTERFERENCE

This section is concerned with the computation of the over-all con-
trast gradation curve when interference is present, and assuming an
idealized kinescope. The video wave which results from envelope
detection of a television signal which includes c-w interference is
derivable as follows. If we call the picture carrier, as it arrives at the
second detector, A sin ot and the interfering carrier is B sin (o -} p) ¢,
then the second detector receives an over-all signal of

Asinot + Bsin (o +p) t=[V A2+ B* 4+ 2AB cos pt] sin (ot + B)

where B is a time-variable phase angle which is of no concern here.
After detection only the envelope is of interest. It may be written

4AB pt
V.=VA*+ B*+2ABcospt=(A+B) | 1 sin®
‘ (A 4+ B)? 2
= (A+B) VI—k’sin®¢ (1)
where
4AB
I
(A+B)*
and
pt
=
2

The picture carrier amplitude, A, has a maximum value, A4, ,
during the synchronizing interval, and a value 3% A,,, at the black
level.* With maximum brightness of the original picture, A is reduced
to zero when the modulation is complete (1009%). For intermediate
brightness, and a constant transmitter gamma, A follows the relation

A:% Ama.v 1— (2)
Lmax

where L, is the instantaneous original picture brightness, L,,,, is the
maximum brightness and y, is the transmitter “gamma,” or slope of
the modulation characteristic when corrected for negative polarity of
modulation and plotted on log-log paper.

* According to U. S. television standards.
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A sufficiently close approximation to an idealized kinescope charac-
teristic is a power law over the range from cut-off to zero bias. We
shall assume that the output light is constant for inputs beyond zero
bias and zero beyond cut-off. Thus, the kinescope characteristic is
represented by Figure 3. Mathematically, the light output is

L=K (V,+ V)" whenO< (V,, +V) <V,

L =0 when (V,,+V) <O (3)

L=KV, " when (V,+ V) >V,
r
where V, is the magnitude of the voltage needed to cut off the tube, V
is the applied bias and signal, and y,, is the exponent of the power law.

)
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Fig. 3—Characteristic of an assumed power-law kinescope following the
equation L =K (V., + V)=

The manner with which the video signal is applied to the kinescope is
shown in Figure 4. In Figure 4 (a) is shown the normal, interference-
free case. It is seen that the receiver gain control is so adjusted that
the range of black to white video signal, which is 34 A,,,,, equals the
assumed kinescope cut-off V.o Furthermore, the direct current restorer,
which operates from the synchronizing pulse, together with the kine-
scope bias control comprise a net bias; V4., which sets the black level at
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cut-off. The difference between 4,,,, and V,, is shown as 14 A, On the
figure and is adjusted to this value by the bias control (often called the
brightness control). The instantaneous video signal is shown as V,
(equation 1).

Figure 4 (b) shows the video signal when a high beat-frequency
interference is applied and the direct current restorer is of the type
shown in Figure 2 (a), i.e., it operates on the average of the synchro-
nizing video pulse during the fluctuating beat. From equation (1) we

find the average to be

. 9 m/2
V,= (Apes + B) —/ vV I=FEsint¢de (4)
0

™

which can be evaluated for various values of B by the usual tables for
the complete elliptic integral.®

t o~ +AMAx.
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Fig. 4—This figure shows the video signal placement on the kinescope

characteristic: (a) with no interference; (b) with high video beat interfer-

ence and an average-operated direct current restorer; (c) with high video
beat interference and a peak-operated direct current restorer.

Figure 4 (c) shows the case when a peak-operated d-c restorer is
used without a limiter, such as the one of Figure 2 (b). In this figure,
the direct current restorer operates from the peak signal during syn-

chronizing, A, + B. When a limiter is used, conditions will be sub-

8B. O. Peirce, “A Short Table of Integrals,” p. 121, Third Edition,
Ginn and Co.
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stantially the same ag in Figure 4 (b) since the increased peak values

are clipped by the limiter. Ii is, of course, clear that a manual change

of the kinescope brightness control can change the effect of one of the

direct current restorers to that of the other. In this analysis, the con-

trols will be assumed to remain at their normal setting when no inter-
ference is present.

Putting equation (1) in equation (3) and including the effect of !

d-¢ restorer and kinescope bias, Vi. (Figure 4) we see

L=K (V,,— V)"
K1Vie— (A+B) VT IEsint )" (5)

where we must remember the limitations imposed on the equation by

the cut-off and zero bias points (see equation 3). These limitations
are that

[Vie— (A+B) VT _k2 sin*¢] = 0O
and

3
[Vd-c — (A4 + B) V 1— k2 sin? (/)] < — Am(w
4

Each of these limiting conditions may be solved for a value of ¢ which )
will be needed as an integration limit when finding the average light |
output. Calling these ¢1 and ¢, respectively, we find |

1 (I/d-c')_:3
¢y = sin! 1/-———~ (6)
Ie? 4AB

1 (V(l-u - 34 ~‘4;:1(1-1,) :
¢, = sin! —_— (7
e? 4AB

These angles have limiting values of 0 and 7/2 respectively and these
limits are used when the arguments of (6) and (7) are greater than
unity or imaginary.

The average light output over the fluctuating beats is then

2 3 Yr 2 b2 ——Ee '
SR R L ) B [Vao— (A +B) VI—I#sinT¢ ¥ d ¢
31

T T

(8)

|
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where the first term gives the light output when the instantaneous bias
on the kinescope exceeds zero, and the integral gives the total light
output averaged over the normal kinescope range. The integration is
straightforward for y,=1 and yp =2 although the result involves
the incomplete elliptic integral. Since tables for these are available?,
2 numerical answer may be obtained, although the calculations are very
laborious.

The square law relation, y, = 2, is a far better approximation to
an actual kinescope than the linear one. The writer has carried through
the calculation of equation (8) to find the over-all contrast gradation
curves for different interference levels, using y, = 2 and assuming, in
turn, each of the two types of direct current restorer which give

_ 1
Vie=Ve——Apar (average-operated type)
4

where P_’c is found from equation (4), and

1
Vd-c: (Ama.v + B) T 4 Ama.v

3
— — A,,.. + B (peak-operated type)
4

The calculations were made by assuming a complementary gamma at
the transmitter of y; = % (equation 2). The curves can be corrected
for other transmitter gammas by an appropriate compression or expan-
sion of the abscissa scale.

Figure 5 shows the calculated reproduced light as a function of
original light at the transmitter, using the average-operated direct cur-
rent restorer. The curves are largely self-explanatory and show the
marked decrease in contrast as the interference level is increased.
Because vestigial sideband operation was assumed, it should be remem-
bered that the interfering c-w receives 6 decibels more gain in the
receiver than the desired picture carrier. Furthermore, with U. S. tele-
vision standards, the black-level carrier is 2.5 decibels less than the peak
carrier which is used to rate transmitters and field strengths. Thus the
curve labeled “interference 8.5 decibels down” means an interfering c-w
whose antenna field strength is 8.5 decibels less than the peak of the
picture carrier field strength: at the second detector of the receiver,
because of the increased amplification for the interference, the inter-

9 [. Hancock, “Elliptic Integrals,” John Wiley and Sons, New York.
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ference is just equal to the black-level picture carrier. From the point
of view of interference calculation, of course, it is the value at the
antenna which matters, so that the curves are significantly labeled.
The negative picture for the stronger interference levels is clearly
indicated by the reversed slope or negative gamma. One of the more
striking features shown by Figure 5, is the rapidity with which con-
trast is lost as the interference level reaches a point 15 decibels below
the picture carrier. Between the 14.5 decibels curve shown, which still
gives a positive picture, and the 8.5 decibels curve, which gives a nega-
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Fig. 5—Effect of c-w interference on television picture contrast using a
dx_rect current restorer which follows the average of the synchronizing pulse.
Kinescope gamma — 2, transmitter gamma — Y%, and vestigial side-band
operation using U. S. standards.

tive picture, the original contrast is substantially wiped out. In Figure
7 will be shown curves of maximum contrast ratio as a functi(')n_ of
interference level which show that this rapid loss of contrast holds for
other kinescope gammas as well. '

Figure 6 shows a set of contrast gradation curves for the other type
of direct current restorer (such as that of Figure 2b). It is here found
that no reversal of the picture takes Place at any interference level, as
had been expected. It should be remembered that the difference between
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the results of Figure 5 and those of Figure 6 lie only in the kinescope
bias provided by the direct current restorer. Thus a manual adjust-
ment of the bias control (brightness control) will change either set of
curves into the other.

Since the gamma (yg) of existing kinescopes is often in excess of
two, it is of interest to examine the contrast degradation for yp—3
and y, =— 4. Over-all contrast gradation curves, such as are given in
Figures 5 and 6 for the square-law kinescope, are extremely tedious to
compute for the higher-power laws. However, there is a simplification
in equation 8 when the interference level is small (B << A,,,). If
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Fig. 6—Effect of c¢-w interference on television picture contrast using a
peak-operated direct current restorer and no limiter. Kinescope gamma — 2,
transmitter gamma — %, vestigial side-band operation using U. S. standards.

only the end points are desired, i.e., the output light level for a com-
pletely black and a completely white transmission, the small-interfer-
ence approximation is readily usable. Furthermore, for one case of
large interference, namely, when B =34 A . the end points can also
be simply evaluated for higher gammas. If only the light outputs for
white and also for black transmission are given, their ratio is the most
easily understood evaluation of contrast degradation and, as discussed
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in Part IV above, is called maximum contrast ratio. Figure 7 shows
curves of the contrast ratio as a function of interference level for
kinescope gammas of from 1 to 4, assuming the average-operated type
of direct current restorer.

Examining Figure 7, we notice that the interference level at which
the picture washes out (contrast ratio of unity) lies between — 10 and

13 decibels for all the kinescope power laws, and that the loss in con-
trast is quite rapid as this point is approached. If we assume 4 trans-
mitter gamma, y,, which is the reciprocal of the kinescope gamma, vy,,,
the interference-free picture for each of the assumed kinescopes will be
the same. Figure 7 shows, however, that small interference has far less
effect on the higher-gamma kinescopes. This illustrates the well-known
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Fig. T—Effect of c-w interference on ratio of light output during white trans-

mission to light output during black transmission. An average-operated

direct current restorer is assumed and the curves show the effect of different
kinescope gammas.

advantage of gamma compression at the transmitter, with correspond-
ing expansion at the receiver, in improving the signal-to-noise ratio.
On the other hand, with larger interference, the curves eventually cross
and the advantage is no longer present.

VI. EXPERIMENTAL RESULTS AND KESTIMATED
TOLERABLE INTERFERENCE
A television receiver in the writer’s home was used to obtain
experimental subjective data on the effect of interference. This re-
ceiver included the type of direct current restorer shown in Figure 2a
except for a modification originally made to reduce possible effects of
kinescope grid leakage. Normal program material and the test pattern
from the National Broadeasting Company’s New York Station, WNBT,
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was used. A Ferris Microvolter was used as the calibrated source of c-w
interference and was connected across the receiver antenna transmis-
sion line (100 ohms impedance) through two 500-ohm resistors, so as
not to interfere with the input alignment or impedance values. With no
television signal present, a response curve of the receiver was measured
and the diode second detector current calibrated in terms of the signal
generator voltage. In this way, when the television signal came on, its
relative magnitude with respect to the signal generator readings could
be determined by its second detector current. It was necessary, of
course, to use a substantially black picture to calibrate the black-level
carrier of the received signal. It was then assumed that the peak
carrier was 2.5 decibels higher, corresponding to U. S. standards. A
check on this relative calibration of the received television signal was
made by using a low-frequency “beat’ interference and observing the
magnitude of the beats on the synchronizing pulses as viewed on an
oscillograph across the kinescope grid. The two methods checked very
well.

Although many observations were made using various interfering
frequencies, giving beats with the picture carrier from some tenths of
megacycles to around 4 megacycles, most attention was given to a beat
at 3.7 megacycles, well within the video band but at such a high fre-
quency that the predominant effect was loss in contrast, rather than
the very fine-grained pattern. In fact the interference pattern could
hardly be observed with the kinescope and viewing distances used and
might even pass completely unnoticed if attention was not called to it.
The contrast changes, on the other hand, were very marked. In such
subjective tests, it is not possible to obtain accurate data as to loss of
contrast; fortunately, however, the transition point beween the positive
and negative picture was quite clearly defined since it led to an almost
complete wash-out of contrast values. The data are presented in
tabular form in Table I and represent an average over a number of
observations. In every case the receiver controls were set as for an
interference-free picture and were left untouched for the observation.

Table 1
Interference Interference Observed

Beat Frequency Level, decibels Results
3.7 Mc — 28 Barely perceptible loss in contrast
3.7 Me — 22 Substantial but tolerable loss in

contrast

3.7 Me — 16 Intolerable loss in contrast
3.7 Me — 10 Completely washed-out picture
3.7 Me greater than Negative picture of poor contrast,

— 5 return lines visible
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From the computed data as presented in Figure 7 it is seen that a
completely washed-out picture (contrast ratio =1) was predicted with
an interference of —10 to —13 decibels, depending on the kinescope
gamma. Thus the computation and the observed value of Table I are in
close agreement.

A comparison with the results of Jarvis and Seaman,’ in England,
is of some interest, in spite of substantial differences between their
technique (which introduced the interference in the video channel
instead of at the antenna) and even though the criterion they used
was the annoyance value of the beat pattern, rather than contrast loss.
When 8.5 decibels is added to their figures, to make them comparable
with those used here for U. S. standards, the various results appear as
shown in Table II.

Table 11
Interference Level Seaman and Jarvis
Using 3.7 Mc Beat Results With 2.0 Mc Beat
Observed Result and 525 Line System and 405 Line System
Just visible change —28db — 26 db
Just tolerable change — 22 db —19db

On the 'basis of the calculations, as supported by the experiments,
it is clear that relatively small differences in interference level near
the critical point will cause rapid deterioration of the picture (see
Figure 7). There can be no denying that the permissible interference
limit must be below the point at which a complete wash-out of the
picture occurs. If the interference is 10 decibels below this limit, a rea-
sonable safety factor is allowed, although a noticeable deterioration of
picture quality is still present. On these grounds we may say that the
type of interference here considered, i.e.,, in the high-video range,
should be at least 20 decibels below the picture carrier at the antenna.
This number will be used as a criterion in ‘the discussion of local-
oscillator radiation below.

VII. QUANTITATIVE LIMITS ON RECEIVER LOCAL
OSCILLATOR RADIATION

Since the superheterodyne receiver is here acting as an interfering
transmitter, it is logical to measure its radiation in terms of the power
which the local oscillator delivers to the antenna. With long transmis-
sion lines having appreciable loss, the radiated antenna power may
be appreciably less than would be measured on a bench test with a
receiver connected directly to a calibrated measuring receiver. Al-
though this loss should be considered in special cases, the more general
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approach should assume no loss in the connection to the antenna, since
negligible loss is readily obtained by use of good lines.

The type of interference considered here will be most serious be-
tween nearby antennas; thus complications introduced by propagation
phenomena need not be considered. It can be assumed that “free-space”
propagation will occur.®* Thus a receiver radiating W watts into a
half-wave dipole will give a field strength at a distance, d, of
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Fig. 8—Permissible radiation from television receiver to give an interfer-
ence level of —20 decibels. A half-wave dipole is assumed on the receiver
causing the interference.

If we consider a nearby receiver, with an antenna so situated as to
receive both the interfering radiation and a desired signal from a
television transmitter whose field strength is F, then, using the 20
decibels criterion,

E, Ed
= =10
E, 45w
1 E’sf.’ d2
Thus the radiated receiver power should be W = - (9)
4500

This equation has been plotted in Figure 8 and shows that, to protect

* The limiting distance for antennas 30 feet high, within which free
space propagation may be achieved (on the average) is some 700 feet at 60
megacycles and greater than this at higher frequencies.
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the 500-microvolt/meter area, the radiating receiver should radiate
less than 0.01 microwatts if receivers are to be as close as 50 feet.
This may be contrasted with prewar receivers using a 6ACT mixer
and no radio frequency stage which radiated in the order of 1,000 micro-
watts; to avoid annoyance to other receivers at a distance of 50 feet, it
Is necessary to have a signal of over 100,000 microvolts,/meter. For-
tunately, channel assignments, station hours, and the small number of
existing receivers have been such as not to bring this problem into
prominence except under special circumstances,* However, this situa-
tion cannot continue and measures should be taken to reduce radiation
on all future receivers.

VIII. RECEIVER DESIGN CONSIDERATIONS
It is, of course, one thing to suggest 103 watts as 4 maximum
permissible radiation and another to achieve it. A carefully designed
PENTODE

MIXER
\‘=
A
—

ANTENNA i
RADIATION i
RESISTANCE l
5
Tcz €0
L] Ra él Cl |:
LT -
‘ B
To 7

LOCAL
oscCiIL

Fig. 9—Typical pentode mixer with double-tuned input circuit. The required
local oscillator voltage is indicated as €ro, whereas the resulting antenna
voltage is shown as e,.

pentode radio frequency stage between the antenna and a pentode
mixer, together with a reasonably high intermediate frequency (so as
to tune the oscillator far away from the band-pass of the amplifier), can
be expected to provide enough attenuation,

To consider further, let us calcul>te the local oscillator radiation
to be expected from the simplest television receiver with good perform-
ance, which uses a double-tuned circuit to couple the antenna to a
pentode mixer. This type of input wag commonly used in prewar
receivers and is shown in simplified form in Figure 9. The local
oscillator injection must be sufficient to give good results with the
mixer, so that the local oscillator voltage across the input circuit, e,
in the figure is fixed. Thus it is clear that the selectivity of the sec-

* In the New York area, as already mentioned, prewar receivers tuned

to WNBT (50—56 megacycles) radiated at 64 megacycles in the WCBW
band (60—66 megacycles).

il i e o
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ondary of the double-tuned circuit is not effective in reducing the
radiation. It can be inferred, on the same grounds, that a single-tuned
cireuit would have no selective effect at all on the local-oscillator radia-
tion. In either case, however, the secondary capacitance does affect the
radiation since its value determines the antenna-to-grid step-up for a
given band width. With the double-tuned circuit, it can be shown that,
to a fair approximation, the primary voltage, ¢; of Figure 9, induced
by the local oscillator, is

€2~ ——

2 Cl w5 2
142 (10)
Aw

where o;; is the angular, mid-band intermediate frequency, and Ao is
the 3 decibels down, angular, input circuit band width. This approxi-
mation assumes adjustment for a flat-top response curve and a high
secondary Q (i.e., the damping is provided entirely by the antenna).
Under these conditions the primary @ determines the band width ac-
cording to the relation

1 o
Qr=0CiRy=—"—
VE bo

Solving this for C; and putting it into the previous expression, it is
seen that the radiated watts are

612 eL02 Aw02
W = ~ - .
R, V2 \?2
1+2<w”> (1L
JAND)

which is conveniently independent of antenna radiation resistance.

Assuming an 8-megacycle circuit band width, which is suitable for
the 6-megacycle channel of present U. S. transmissions, and an oscil-
lator excitation of 2 volts, which is satisfactory for the high-transcon-
ductance pentodes, Table III was calculated for two currently available
tubes.

Table I11
Intermediate Microwatts Radiated
Frequency 6ACT 6AKbH
10 Mc i 680 340
20 Mc - 210 105
30 Mc . - 96 48

100Me - - .9 1 5
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Even with an intermediate frequency of 100 megacycles, the local-
oscillator radiation is far from the 0.01 microwatts desired,

A grounded-grid triode radio frequency stage, such as the one re-
cently described!® using a 6J4 or 6J6 tube, requires a slightly different
approach. A double-tuned circuit between the triode and the pentode
mixer will give slightly less radiation than a single-tuned circuit. With
the double-tuned circuit, the local oscillator voltage at the triode plate
(a loading resistor for primary damping is assumed) is given by equa-
tion (10) above. This voltage reacts on the input antenna circuit only
through the plate-cathode capacitance and through the plate resistance,
if we may assume good grounding of the grid. Assuming an antenna
directly connected to the cathode-grid input circuit, we find an antenna
radiation around 30 decibels less than the figures in Table I11. Although
this is a substantial improvement, it may be insufficient unless a high
intermediate frequency is chosen. A pentode radio frequency stage, on
the other hand, will have much Jess output-to-input coupling and may
have an additional pair of selective circuits in its input. This should
allow such a radio frequency stage to reduce oscillator radiation suffi-
ciently to give satisfactory performance even for lower intermediate
frequencies. The use of a mixer with less inherent radiation, such as
the cathode-coupled, double-triode mixer (see Figure 13 of reference
10), will decrease the isolation requirements on the radio frequency
stage,

Still other arrangements which are possible make use of balanced
triode or pentode mixers with the local oscillator driving the tubes in
parallel, while the antenna signal drives them in push pull. These
circuits must be carefully balanced to give effective reduction of radia-
tion. If combined with a grounded-grid triode radio frequency stage,
however, it may be possible to attain the desired 50 decibels or so of
radiation reduction,. Neutralization of the radiation from a single
mixer tube is possible but again, to be effective, is achieved by a rather
critical adjustment. Particular methods of operating balanced mixers
will give conversion using an oscillator of half of normal frequency.
This places the oscillator so far away from the normal signal channel
that, when combined with the neutralization due to a balanced oscillator

feed and unbalanced signal feed, adequate reduction of radiation may
be achieved,

The one solution, which unfortunately cannot be proposed with
those tubes which are commercially available on the open market, is
the separation of oscillator and signal circuits of the mixer by the

G, C. Sziklai and A. C. Schroeder, “Cathode-Coupled Wide-Band
Amplifier,” Proc. LR.E., Vol, 33, pp. 701-709, October, 1945.
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methods used in such low-frequency tubes as the 6L7.!! The signal-to-
noise ratio of this illustrative type of mixer has not been adequate for
television service. Thus, if a radio frequency stage cannot be used, the
only practicable remedy is the use of additional selective circuits
between antenna and mixer, possibly with a rejection band at local
oscillator frequency.

In all cases, local oscillator shielding should be employed to prevent
direct chassis radiation.

IX. CONCLUSIONS

The tolerable amount of local oscillator interference, or other c-w
interference, in a television picture is greater when the interfering
frequency is at. the high end of the picture band. In this case, the
chief annoyance is loss of picture contrast which, for strong interfer-
ence, can be very bad, even to the point of a negative picture. The
transition between a slight loss in contrast and a completely washed-out
picture is sufficiently sharp to make a choice of minimum interference
level not too difficult. A value of signal-to-interference field strength
ratio of 20 decibels may be considered a satisfactory minimum when the
interference is near the upper end of the picture band.

On the basis of an interference 20 decibels below a desired car-
rier, and assuming channel assignments and choice of intermediate fre-
quency so that an interference does take place with another channel, it
is found necessary to reduce receiver radiation to 0.01 microwatts to
protect the 500 microvolt per meter field strength contour with receivers
50 feet apart. Prewar receivers radiated 10° times as much as this and
so were extremely unsatisfactory. A grounded-grid triode radio fre-
quency stage is not a sufficient safeguard, though a carefully designed
pentode radio frequency stage may be. Other alternatives lie in the use
of balanced or radiation-neutralized mixers, or additional selectivity
with an oscillator rejection circuit between antenna and mixer.

Although none of the suggested remedies lend themselves to a
minimum-cost receiver design, an adequate television service will re-
quire substantial suppression of local oscillator radiation if frequency
allocations are such as to make interference possible.

11, F. Nesslage, E. W. Herold and W. A. Harris, “A New Tube for
Use in Superheterodyne Frequency Conversion Systems,” Proc. I.R.E., Vol.
24, pp. 207-218, February, 1936.
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Summary—This paper outlines and discusses surface search radar for
maritime applications. Such applications require high performance includ-
ing good bearing and range resolution to pick up buoys, other vessels and
shore lines when navigating in restricted waters. Fundamental aspects of
transmitter, receiver, indicator, and antenna design are discussed. The
effect on range due to reflections from the sea, which produce a lobe struc-
ture, are described and the advantages of using very high frequencies to
obtain the best performance are pointed out. Range calculations and the
tmportance of adequate power for reliable operation under adverse condi-
tions are considered.

I. INTRODUCTION

T IS the purpose of this article to examine some of the elements
of a radar system when applied as an aid to marine navigation.
During the war period radar reached a high state of development

as a military device to determine the range and bearing of enemy or
friendly vessels, to locate aircraft, to direct gunfire or bombing opera-
tions, and in numerous other applications. We are now entering a new
phase, peacetime commercial uses of radar, and one of the most impor-
tant services will be as a navigational device for merchant vessels.

It might be assumed that wartime designs, with minor modifications
could immediately be applied to the merchant marine industry. How-
ever, from the long range viewpoint, it is necessary to consider the
special requirements of peacetime commerce and to avoid, as much as
possible, premature standardization in an art which is developing
rapidly. By careful attention to the fundamental factors involved and
through extensive field tests, it will be possible to protect the inherently
complex marine radar installations from early obsolescence.

Bowditch has defined marine navigation as the science which affords
the knowledge necessary to conduct a vessel from point to point on the
earth’s surface and to enable the mariner to determine, with a sufficient
degree of accuracy, the position of his vessel at any time. Piloting is
usually considered the most important part of navigation, involving
as it does, safe movement of a ship along coasts, through channels and
harbors and in similar restricted areas where a constant watch must

* Decimal Classification: R537.
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he maintained and frequent references made to landmarks, lighthouses,
buoys or other visible aids. When visibility is poor, piloting in dan-
gerous areas or navigation on the high seas become more difficult and
it is under these conditions that radar is expected to become a valuable
aid for the prevention of stranding and the avoidance of collisions.

II. PRINCIPAL APPLICATIONS

A shipboard radar installation, well designed and correctly operated
and interpreted should provide the navigator or pilot with range and
bearing information under the following general conditions:

Object (Target) Average Range (Nautical Miles)
High coast lines (300 feet or more) 20 to 50 miles
Low coast lines (30 feet or more) 5 to 10 miles
Average cargo ship (400 feet long) 7 to 10 miles
Small fishing vessel (40 feet long) 2 t6 5 miles
Average buoy (metal) 1 to 5 miles

It will be evident that large or high targets (because they act as
better reflectors) may be detected at greater distances. Since radar
operation is more or less governed by line of sight considerations,
optical analogies are useful in roughly estimating performance. Small
low objects that cannot be sighted under conditions of good visibility
(as a buoy in a disturbed sea) will likewise not intercept the radar
heam and return an echo to the antenna. On the other hand, if the
buoy could be seen, except for fog, darkness or other unfavorable
factors, then it should be apparent on the radar indicator scope.

I11I. GOVERNMENT RECOMMENDATIONS

General marine radar specifications for use as a guide by the ship-
ping industry and radio manufacturers have been issued in the United
States and Great Britain. The United States Coast Guard has prepared
“Minimum Recommended Specification Briefs” for voluntary use by
industry, which cover three classes of radar installations. In Great
Britain performance specifications for a general purpose radar set for
marine transport have been published. The principal objective of the
material issued to date is to provide a “starting point”. Extensive
field tests and the natural development of marine radar must take place
before complete and final requirements may be specified. Frequency
allocations, under international agreements, are to be determined.
Shipboard radars, in the future, should be closely coordinated with
radar beacons and the latter must also undergo development and tests.
It is anticipated that many of these factors will receive careful atten-
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tion during the year 1946, while trial installations on various classes
of vessels will provide valuable data under practical operating con-
ditions.

The recommended specification briefs, which have been released
by the United States Coast Guard, cover three general types of radar
equipment. The first type, usually referred to as class A, will operate
in the three centimeter band and will be designed to provide a high
degree of resolution for navigation in restricted waters. The class B
type is intended for less exacting service, with operation in the three
or ten centimeter bands, where a fair degree of resolution and fewer
refinements for accurate ranging and true north presentation are
considered adequate. In the case of the class C radar, the emphasis
is on a simplified design as an anti-collision device, with limited utility
for general navigation. With respect to the class A radar, it is of
interest to consider some of the more important characteristics from
the viewpoint of overall design.

IV. TRANSMITTER

The transmitter is recommended for operation in the three cen-
timeter band between 9320 and 9430 megacycles. A peak power output
of not less than 15 kilowatts would be obtained from a resonant cavity
magnetron oscillator which is pulsed by a suitable modulator. Since
the magnetron is the heart of the transmitter, a brief explanation of
the power relations is in order. Peak power multiplied by the “duty
cycle” determines the average power output. The duty cycle, for con-
ventional rectangular pulses, is equal to pulse length in microseconds
multiplied by the pulse repetition frequency in cycles multiplied by
10-%. Thus for the specified maximum pulse length of 0.5 microsecond
and minimum repetition frequency of 800 cycles, the duty cycle is
0.0004. With 15 kilowatts peak power output the average value is,
therefore, only 6 watts. :

The choice of pulse length and repetition frequency involves con-
flicting factors. For good range resolution and “close in seeing”, a
very short pulse length is necessary. Short pulses result in low average
power output. A pulse of 0.5 microsecond, under ideal conditions, gives
a minimum range resolution of about 82 yards, but this low value is
not always realized in practice because of the widening of the pulse
in receiver and indicator circuits. For a maximum range of say 50
nautical miles, the repetition frequency has a theoretical value of 1630
cycles. However, a lower rate is generally used to permit a more evenly
balanced duty cycle—i.e., relationship of peak power to average power.
Considering a pulse of say 0.8 microsecond and a repetition frequency
of 1000 cycles, the duty cycle is 0.0003. Under- these conditions the
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range resolution will be good, but the performance at maximum dis-
tances would be improved if the average power could be inereased by
the use of a longer pulse with a corresponding reduction in receiver
noise band-width. This may be accomplished if provisions are made
to shorten pulse length and increase repetition frequency for short
ranges and vice versa for greater distances. Such an arrangement
maintains the average power and the duty cycle constant, gives high
resolution where needed, and high average power for obtaining maxi-
mum range.

V. RECEIVER

The receiver used in the class A radar will be designed for high
gain and optimum band width with special characteristics to improve
performance in marine service. An overall gain of at least 120 decibels
and an overall noise not to exceed 15 decibels above KTJ\f is recom-
mended. Automatic frequency control of the receiver local oscillator,
arranged so that the magnetron frequency keeps the receiver in tune, is
essential. In order to minimize “sea return” which can obscure targets
near the ship, circuits which provide sensitivity time control (STC)
and fast time constant (FTC) are effective. STC lowers the receiver
sensitivity for nearby targets without impairing response at longer
ranges. FTC breaks up the solidarity of the “sea return” on the PPI
tube and thus helps make the echo appear through the clutter. Figures
1 and 2 show the clutter due to sea return using two different sweep
lengths. Figures 3 and 4 show the improvement due to STC and FTC
under the same conditions. (See following two pages.)

VI. INDICATOR

The indicator will be a cathode ray tube, commonly refered to as a
PPI (Plan Position Indicator), having a diameter of at least 7 inches.
Three or more range scales will permit observation of suitable targets
from a minimum of two miles to a maximum of at least thirty miles.
In order to measure ranges with accuracy, a variable range marker
(adjustable radius range pip) to cover distances between 500 yards and
30 miles is recommended. For determination of bearings with respect
to true north, on vessels fitted with gyro compass systems, the PPI
tube is to be stabilized from that system. This means that north will
always be “up” on the scope, and as the vessel changes course the
targets will not shift. A flashing ship’s head indicator mark on the
PPI will also allow bearings to be observed relative to the bow. For
installations where a north stabilized PPI cannot be used, a movable
azimuth scale around the edge of the scope may be employed for manual
setting to ship’s course. It is likely that most designs will provide a
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Fig. 1—Sea Return—27 Knot Wind—Normal Gain
Range: 1 mile per Range Ring, Targets generally obscured.

Fig. 3—Sea Return—27 Knot Wind—

) Using FTC and STC
Range: 1 mile per Range Ring, Targets with 5 i

in both Range Rings visible.
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Fig. 2—Sea Return—27 Knot Wind-—Normal Gain
Range: b miles per Range Ring. Targets obscured below 8 miles.

Fig. 4--8ea Retarn--27 Knot Wind—Using FTC und STC
Tange: b miles pev Range Ring, Targels visible near Ship.
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simple switch so that either true or relative bearings may be conve-
niently selected by the navigator on vessels which are equipped with a
£Yro compass.

VII. BEARING RESOLUTION

A high degree of resolution for both bearing and range is essential.
Jearing resolution is determined primarily by the horizontal beam
width of the antenna, two degrees being specified. When two vessels,
at the same range, are spaced by more than the horizontal beam width,
they will appear as separate ares on the PPI scope, if viewed on a
short range sweep. Using a two degree beam and with receiver gain
properly adjusted to permit sharp definition of targets, the following
approximate “span” of the beam exists at various ranges:

Range (yards) 125 500 2000 8000 32000 64000
Span (yards) 437 17.5 70 280 1120 2240

Thus at a range of 2000 yards two ships separated by say 100 yards
will appear as individual targets. To allow for normal pitch and roll
of the radar-equipped vessel a vertical beam width of at least 15 degrees
is recommended; otherwise the beam may not intercept the target
during rough weather. Because of the comparatively large vertical
beam, the overall pattern skews to some extent with the motion of the
ship and some impairment of bearing resolution is to be expected when
navigating in heavy seas. In discussions of beam width it is implied
that measurements are taken at the “half power points”. Below these
values the beam power falls off rapidly with a well designed antenna.

VIII. ANTENNA SYSTEM

The design of the antenna system involves electrical and mechanical
factors of considerable importance. Since the antenna must rotate
continuously throughout the azimuth, the overall size should be kept
within practical limits. The largest dimension of the antenna is that
determined by the horizontal section of the reflector., For a truncated
parabola or a section of a parabolic cylinder, operating in the proposed
three centimeter band, the width of the reflector is expressed approxi-
mately by:

W (ft.) =

Beam Width (degrees)

Thus a reflector for a 2 degree horizontal beam would be about 3.75
feet wide in the frequency band 9320-9430 megacycles. If the ten centi-

meter band were used, a 2 degree beam requires a reflector about 12
feet wide.
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The effects of wind resistance and the corrosive action of salt
atmosphere and stack fumes require careful attention with exposed
antennas. Use of slats in the reflector, rather than solid surfaces will
minimize wind resistance. Appropriate metals and finishes are needed
to resist corrosion. The antenna drive motor should have adequate
power to give constant angular velocity with lash in gearing kept to a
minimum to avoid “spoking” on the PPI.

The speed at which the antenna should rotate is governed mainly
by the repetition rate, persistence of the PPI, and the relative speed
of the ship and targets. A speed between 6 and 15 revolutions per
minute is recommended. Enough pulses should strike the target each
time the beam sweeps past. A minimum of 25 or so “hits” per beam
width is desirable. Assume a scanning speed of 10 revolutions per
minute (1 revolution in 6 seconds), a 2 degree beam and a repetition
frequency of 1000 cycles. Two degrees represents 1/180 or 0.0055 of
6 seconds — .033 seconds, which is the time the 2 degree beam persists.
At 1000 cycles the number of pulses which strike the target are
1000 X .033 — 38. If the target is large compared to the “span” of the
beam, then a greater number of pulses will be obtained and the arc on
the PPI will be extended accordingly. Too low a scanning rate makes
targets appear to move in jumps when viewed at close ranges from a
fast ship. Even where speed relative to the target is not a factor, there
appears to be operational merit in not requiring the observer to feel
that he is “waiting” for the next sweep of the beam.

Spurious emission due to side lobes in the horizontal plane of the
antenna must be kept to a level of 25 to 35 decibels below the power in
the main beam. The effect of side lobes, particularly at short ranges, is
to cause multiple images of individual targets which can lead to confu-
sion in congested areas. Although radiation of side lobes cannot be com-
pletely suppressed, the experienced navigator can readily recognize
them and by suitable adjustment of gain control, reduce them to a
negligible effect.

I1X. RANGE CALCULATIONS

The computation of maximum detectable range for various targets
on the surface of the sea is complicated due to several conditions. The
amount of energy reflected from an object depends upon its size and
aspect. The roll and pitch of the ship cause the returned signal to
fluctuate. Also the projected area of the target vessel depends on the
ship’s course. Sometimes a target, for example a small fishing boat or
a buoy, may be out of sight in the trough between waves. Similarly
the radar set itself may be adversely located. Humidity and tempera-
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ture also may affect the radar beam, giving ranges shorter or longer
than normally expected. By means of a few general rules and some
computations a fairly accurate picture can be drawn of what may be
expected from a radar set under normal operating conditions.

The radar range equation has been published elsewhere! and may
take several forms, one of which is as follows:

. P ,A%p
Maximum Range /‘/ .
4 Pm:n A®
where P, — peak power in watts

A = Effective antenna reflector area
p — target effective area

min — Minimum detectable signal in watts
A — wavelength

I)

Range is given in feet when wavelength, antenna area and target
area are expressed in the same units. This formula gives the “free
space” range, that is, the range if there are no reflections from ground
or sea.

The effective area “A” of the antenna reflector is roughly 0.6 times
the projected area. The value for p, the effective cross section of the
target, is a quantity not too well defined because of the various sized
ships and their aspect. The following table will give an idea of values
to be expected.

BUGH  rrawmess oy siiye s 5y 2% 520 oo v oo o 10 sq. ft.
Motor. 'BOTt »e vie ne waumi 55 g3 5% 57 5 2% con 70 sq. ft.
Small two masted vessel ....... .. .. . . .. 1500 sq. ft.
Freighter or Tanker ......... .. . .. . . . .. 25000 sq. ft.

The theoretical minimum detectable power is given by
Piw=NKT Af; where N is the factor by which the practical falls
short of the theoretical; K is Boltzman’s constant 1.37 - 10 28 watt-
seconds per degree; T is absolute temperature of the crystal (300°
Kelvin) ; and Af is the receiver intermediate frequency band width in
cycles. The optimum band width in megacycles for a given pulse length

1.2
is approximately ——— | where d is the pulse length in microseconds.

In a practical radar system, detection falls short of the ideal by
about 10 or 15 decibels, that s, it requires about 10 to 31 times as much
power as the theoretical value for detection. This is due to TR tube
and mixer plumbing losses, intermediate frequency noise, conversion

1D. G, Fink, “The Radar Equation Electroni i
92-94, April 1945. quation,” Electronics, Vol. 18, No. 4, pp.
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and noise loss in the erystal, and local oscillator noise. The Coast Guard
specification states that these losses shall not exceed 15 decibels for the
class A radar. Actually a good radar should have a loss of a few decibels
less than this value.

Not included in the above are two other losses which must be con-
sidered. One is the loss on transmission and reception in the wave-
guide. This will probably be about 3 decibels total for both directions of
transmission. The other is known as 