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SIMULTANEOUS ALL -ELECTRONIC COLOR 
TELEVISION* 

A Progress Report 
BY 

RCA Laboratories Division. Princeton, N. J. 

Summary -This paper presents the latest progress report on Color 
Television and the first on the new simultaneous all- electronic system. Basic 
design and operating characteristics are reviewed. The apparatus for scan - 
ning color slides and color motion picture film together with the color 
television receivers are described. 

IN OCTOBER and November, 1946, the Radio Corporation of 
America gave several demonstrations of color television to press, 
industry and Government groups. These demonstrations consti- 

tuted a progress report on the work done in color television, which 
follows the program announced at the time of earlier demonstrations 
in December, 1945.1 In the current demonstration, important advances 
in color television were shown. The new system is all -electronic, having 
the potential flexibility inherent in electronic arrangements, and simul- 
taneous, all three color images being transmitted continuously. This 
system has many operating and performance advantages and is com- 
patible with the present black- and -white television. Since each of the 
three color channels employs the same standards as those now in use 
for black- and -white transmission, the green channel is suitable for 
monochrome presentation. Color television of this type can be intro- 
duced at any time it is made ready and can be operated interchangeably 
with black -and -white television; undesirable obsolescence is not created. 

The recent demonstrations included television pictures in natural 
color scanned from kodachrome slides and from 16- millimeter color 
motion picture film. In order to demonstrate interchangeability, pic- 
tures in monochrome using signals of present black- and -white standards 
were shown on the color receivers; pictures in monochrome, using 
signals of the simultaneous color transmission, were then demonstrated 
on a current model black- and -white receiver. 

Research work is under way and progress is being made in the 
radio transmission and reception of simultaneous all- electronic color 

Decimal Classification: R583. 
I R. D. Kell, G. L. Fredendall, A. C. Schroeder, and R. C. Webb, "An 

Experimental Color Television System ", RCA REVIEW, Vol. VII, No. 2, 
pp. 141 -154, June, 1946. 
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television and in the building of television cameras for studio and 
outdoor pickup of this system. This work, together with propagation 
tests and field surveys, is a part of the over -all schedule yet to be fully 
worked out, but already well along. 

Since simultaneous all -electronic color television is of far -reaching 
importance, the experimental equipment used during the recent demon- 
strations is described herein. This includes the apparatus for scanning 
color slides and color motion picture film together with the television 
receivers for color. Some of the basic design and operating charac- 
teristics are also reviewed. Figure 1 is a block diagram of the system. 
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Fig. 1 -Block diagram of the simultaneous all- electronic color television 
system. (Each of the color channels, shown at the right of the upper fig- 
ure, have the same operating standards as the current black- and -white 
system. At the receiving end, shown at the left of the lower figure, each 
color channel is associated with its separate cathode -ray projection tube.) 

STATIONARY PICTURE SIGNAL GENERATOR 

One of the primary needs for the development of a simultaneous 
color television system is a standard source of tricolor video signals 
on which one may rely for good resolution, good registration, high 
signal -to -noise ratio, freedom from spurious signals, and good color 
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fidelity. A special slide scanner utilizing a cathode -ray tube as a flying - 
spot scanner, a beam splitter, and three photoelectric tubes, were de- 
veloped for this purpose. 

A photograph of this apparatus with a superimposed phantom view 
of the kinescope and the light paths is shown in Figure 2. The raster 
formed on the screen of the kinescope is imaged on the slide by means 
of a lens. The light rays transmitted by the slide are condensed and 

Fig. 2- Stationary picture signal generator. 

then divided by dichroic mirrors which pass one color of light and 
reflect the other colors. The use of dichroic mirrors for a light splitter 
instead of half -silvered mirrors and color filters, reduces light losses 
and therefore provides a signal with higher signal -to -noise ratio. The 
divided light beams are further filtered by color absorption filters, then 
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collected by multiplier type phototubes which convert the varying light 
intensity of the spot as transmitted by the slide into video signals 
corresponding to the three primary colors of the slide. The use of 

multiplier phototubes provides a high video input to the amplifier. 

The amplifiers are equalized to correct for the decay characteristic of 

the phosphor used in the flying -spot kinescope. 

On the bottom of the rack in the photograph (Figure 2) is the 

chassis containing the synchronizing, blanking, and deflection circuits 

for the flying -spot kinescope. Behind the kinescope is the high -voltage 

power supply which provides approximately 30 kilovolts for the kine- 

scope and a first anode focusing potential variable between four and 

seven kilovolts. The flying -spot kinescope has a special short persistence 
phosphor whose light intensity drops to less than 1 per cent of its 
original value in one microsecond. Facing the kinescope screen is the 
slide holder with an F :2 objective lens. The whole optical assembly 
is mounted on the same chassis with the three video amplifiers. The 

beam splitter is at the lower end of this chassis and a condensing lens 

system for each channel reduces the beam diameter to that of the photo- 
cell aperture after the beam is divided. The photocells are enclosed in 

shield cans, which also support the color filters. 
The voltage for the phototube multipliers may be controlled by the 

variable power supply directly under the beam splitter chassis, and by 

this means the video levels of all three channels may be varied simul- 

taneously. The supply voltage of the phototube multipliers of the 
individual channels may be varied individually by the potentiometers 
visible at the top of the chassis, to provide the desired color balance. 

Each of the three video amplifiers contains three stages having a flat 

frequency response to approximately 5.5 megacycles. Included in each 

of the amplifiers are the equalizing circuits to compensate for the 
various phosphor persistences. The output level of the amplifiers is 

approximately 1 volt peak -to -peak. The small chassis above the beam 

splitter is for the insertion of the synchronizing signals in the green 
video signals. 

The quality of the signal from this generator is highly satisfactory 
not only because of the high resolution, but also because the blacks have 

the unusual characteristic of being practically free from noise. Noise 

in the picture therefore has the general appearance of the equivalent 
effect found in motion pictures from photographic grain and dirt. The 

registration of the three signals is inherently correct. 

MOTION PICTURE FILM SCANNER 

The motion picture film scanner was built with no attempt at 
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refinement or optimum design, in order to hasten preliminary tests of 
reception with moving subjects. Its general scheme is the same as 
that of the slide scanner, with the film gate replacing the slide holder. 
A photograph of the apparatus is shown in Figure 3. A standard 
16- millimeter home sound film projector was modified by substituting 
a synchronous motor drive so that the film speed was changed to 30 
frames per second (instead of 24). Each frame was then scanned 

Fig. 3- Motion picture film scanner. 

twice to give 60 fields per second. The pull -down mechanism, which 
was unchanged, is so slow that it was necessary to blank approximately 
30 per cent of the field time to avoid showing the distorted picture pro- 
duced during the film pull -down time. The picture therefore actually 
contained only about 370 lines, although the nominal number of lines 
was retained at 525. 
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The picture quality was judged to be good, particularly when allow- 
ance is made for the fact that part of the picture area was missing, due 
to the compromise in design of the film projector. The sound was 
usable, but was not very satisfactory due to the improper film speed. 

REPRODUCING EQUIPMENT 

The picture reproducer, as shown in Figure 4, 5, 6, contains three 

Fig. 4- Laboratory model simultaneous all- electronic 
color television receiver. 

three -inch kinescopes arranged side -by -side in an equilateral -triangular 
group, each having an associated projection lens and deflection yoke. 
The kinescopes are identical except that phosphors selected for pro- 
ducing red, green, and blue light, respectively, are used. The kine- 
scopes and lenses are mounted in an assembly frame which also holds 
the yokes in such a manner that each yoke may be adjusted in rotation 
and height without disturbing the kinescope mounting position. Each 
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kinescope is provided with the video signal corresponding to its par- 
ticular primary color, and has a scanning raster which produces light 
for its primary color image in the completed picture. The lenses 
project these three pictures simultaneously to the translucent viewing 

Fig. 5- Receiver with three cathode -ray projection tubes, lenses removed. 

screen by way of a 45- degree mirror, as shown by dotted lines drawn 
on the photograph (Figure 6). The kinescopes are operated at a second 
anode potential of 25 kilovolts. 
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The optical system serves to focus and combine the three pictures 
on the translucent screen. In so doing, the images must not differ from 
one another in geometric distortion or location. Prevention of such 
difference is accomplished by placing the three kinescope faces in the 
same plane and mounting the three lenses above this plane, with their 

Fig. 6- Receiver with lenses in position, showing projection paths. 

axes perpendicular to it. The axis of each lens is offset from the center 
of the kinescope face toward the center of the assembly by an amount 
sufficient to bring the three pictures into approximate register on the 
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screen. Exact registry is then obtained by moving the raster on the 
kinescope face electrically. This offset, which is similar to a rising 
front on a photographic camera, causes no distortion, but requires 
extra covering power in the lens. The lenses used are F :2 projection 
lenses. They are threaded into the lens plate at the calculated positions 
and the threads serve as the focus adjustment. 

The registration requirements are similar to those existing in color 

printing and color photography. Ideally, the three rasters should be 

identical and properly positioned within a fraction of the width of a 

scanning line. Practically, a considerable amount of misregistration 
may be present without being objectionable. 

The scanning rasters are made substantially identical by using three 
similar yokes, and supplying them with power from the same deflecting 

circuit. The three yokes are connected in parallel rather than in series. 

This permits a simple individual centering or positioning arrangement 
and also insures more nearly identical deflection fields. In a series 
arrangement, one yoke would operate at a higher alternating- current 
potential with respect to ground, and would thus be shunted to a greater 
extent by the stray capacitances. 

The positioning or centering arrangements are the usual television 

centering circuits, the only requirements being that the centering sup- 

ply voltage must be stable, and that adjustment of the potentiometers 
must not alter the current waveshape through one yoke with respect 
to that through the others. To insure the latter, the horizontal center- 
ing potentiometers are by- passed very lightly and the vertical ones are 
unby- passed. Enormous capacities would be required to by -pass the 
vertical centering potentiometer properly. However, since the vertical 
circuit is essentially resistive, the addition of more resistance would 

simply change the amplitude, which is easily corrected. 

The procedure used in registering the kinescope assembly is as 
follows. The kinescopes are adjusted for the proper height and clamped, 
then the lenses are focused optically. The yokes are then rotated until 
the edges of the three rasters are parallel. One of the three rasters is 

then considered standard for horizontal size, and one of the others is 

adjusted to it by moving the deflecting yoke up or down. Although 
this, of course, varies the raster size both horizontally and vertically, 
only the horizontal size is considered during this adjustment. This 
adjustment is then repeated on the remaining raster until the three 
horizontal sizes are alike. The vertical sizes are then adjusted by vary- 
ing the value of small resistors in series with the vertical deflecting 
coils. The positioning or centering controls are then set to register 
properly the three rasters which are now of the same size. 
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Successful registry of the three rasters has been greatly facilitated 
by the use of aluminized kinescope tubes.' The aluminum film insures 
that the phosphor screen and the glass wall are at second -anode poten- 
tial and hence do not collect charges that will divert the electron beam 
erratically. 

2 D. W. Epstein and L. Pensak, "Improved Cathode -Ray Tubes With 
Metal- Backed Luminescent Screens ", RCA REVIEW, Vol. VII, No. 1, pp. 
5 -9, March, 1946. 



TELEVISION EQUIPMENT FOR AIRCRAFT'' 
BY 

M. A. TRAINER AND W. J. POCH 

Engineering Products Department, RCA Victor Division, 
Camden, N. J. 

Summary -The design considerations involved in the development of 
lightweight television equipment for airborne use are discussed in Part I 
of this paper. Following this is a description of Block I television equipment 
developed in accordance with these considerations. Flight testing of Block I 
equipment brought to light several difficulties peculiar to the transmission 
of television signals from aircraft. In Part II a number of these difficulties 
are discussed as well as methods developed for minimizing them. 

PART I 

DEVELOPMENT AND DESIGN OF LIGHTWEIGHT TELEVISION EQUIPMENT 

THE first development work on television transmitting apparatus 
for use in aircraft was undertaken in 1936 under the direction 
of R. D. Kell. This was a direct outgrowth of Dr. V. K. 

Zworykin's memorandum to David Sarnoff of April, 1934.1 Equipment 
was built using the 1850 type iconoscope and was installed and tested 
in a Ford trimotor airplane. Results obtained with this equipment 
clearly demonstrated the potential usefulness of television for the 
armed services. However, it was apparent that this equipment, although 
much smaller than other commercial equipment of the same type, was 
still appreciably larger and heavier than was considered desirable. 

The advent of the 1848 iconoscope, a smaller tube than its prede- 
cessor, the 1850, made possible the design of television cameras of 
greatly reduced size. Commercial equipment using this tube and de- 
signed specifically for field pickup use was introduced in 1939. All the 
equipment associated with the camera was built into suitcase -type 
units, making it convenient to transport. 

At this time both the Army and the Navy began to take a very 
serious interest in the military possibilities of television and equipment 
quite similar to the suitcase -type commercial design was constructed 
for airborne use in 1940. This equipment has been described in previ- 
ous literature.' While this apparatus was useful in supplying a need 
for experimental and training equipment it was not particularly suit- 

* Decimal Classification : R583 X R520. 
1 V. K. Zworykin, "Flying Torpedo with an Electric Eye," RCA REVIEW, Vol. VII, No. 3, pp. 293 -302, Sept., 1946. 
2 C. J. Marshall and L. Katz, "Television Equipment for Guided Mis- siles," Proc. I.R.E., Vol. 34, No. 6, pp. 375 -401, June, 1946. 
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able for military use since it had been designed primarily to meet 

commercial standards. 
In 1940 a program was undertaken to develop television equipment 

specifically for use in military aircraft and having the following design 
objectives: 

(1) Light weight 
(2) Compactness 
(3) Reasonably low power drain from a 12 -volt direct -current 

source 
(4) Reliable line -of -sight range up to 10 miles 
(5) Resolution capability close to commercial standards 
(6) Unattended operation possible at the camera and transmitter 
(7) Overall ease of installation, operation and maintenance. 

Naturally, a certain amount of compromise was necessary in order 
to produce results in reasonable agreement with the above require- 
ments. Some of the fundamental decisions made in order to achieve 
these results are listed below: 

(1) It was decided to place the iconoscope with its associated cir- 
cuits and the transmitter in a single unit instead of two sep- 

arate units. Although some difficulty was anticipated because 
of feedback from the transmitter into the camera circuits it 
was felt that advantages were to be gained with regard to 

overall size and weight considerations as well as in simplifica- 
tion of the interconnection problem. 

(2) The dynamotor power supply was made a separate unit so that 
a dry battery supply might be substituted for the dynamotor 
under certain operating conditions. 

(3) The frame frequency was made approximately 40 cycles and 
the line frequency approximately 14,000 cycles without defi- 

nite relationship between the two as is necessary for commercial 
interlaced scanning. This decision greatly simplified the prob- 
lem of developing suitable synchronizing and other line and 

frame frequency pulses. The choice of 40 cycles for frame fre- 
quency was a compromise. A lower frequency would have re- 
sulted in objectionable flicker and a higher frequency would 
have resulted in lower overall resolution for the available band- 
width. The line frequency of 14,000 cycles was chosen to give 
350 scanning lines. This resulted in approximately 275 lines 
resolution in the vertical direction and 350 lines in the hori- 
zontal direction. Equal values of resolution could have been 
obtained by using a higher frequency for horizontal scanning 
and a consequent increase in the number of lines. However, it 
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was considered desirable to keep this frequency somewhat low 
so that the horizontal scanning circuits would require less 
power and would have lower dissipation. 

(4) The vertical synchronizing pulses were made approximately 
one and a half lines long so that only one or at the most two 
horizontal synchronizing pulses would be lost during the ver- 
tical synchronizing period. It was considered unnecessary to 
add sufficient tubes and circuit elements to place slots in the 
vertical pulse as is done with the standard Radio Manufac- 
turers Association synchronizing signal. The timing of the 
leading edge of the vertical synchronizing pulse was also made 
coincident with the leading edge of the vertical blanking pulse. 
This simplification of the synchronizing signals was made pos- 
sible by the choice of sequential rather than interlaced scanning 
and resulted in a considerable saving in tubes and circuit 
elements. 

(5) The overall video band width of the system was made 4.5 
megacycles and both the transmitter and receiver were designed 
for double sideband operation. Obviously, single -sideband op- 
eration would have resulted in a more complex transmitter. 
The decision to make the receiver accept both side bands was 
based on the desirability of eliminating tuning controls in 
order to simplify receiver operation. The band width chosen 
was considered to be a fair compromise between the resolution 
capability of the 1848 iconoscope, normally somewhat better 
than 350 lines, and the number of video and intermediate - 
frequency amplifier stages required in the camera, transmitter 
and receiver in order to obtain adequate amplification. Field 
tests with earlier types of television equipment indicated that 
the resolution capability of the proposed system was entirely 
adequate for most of the military applications proposed. 

(6) A transmitter frequency was chosen in the neighborhood of 
100 megacycles. This made possible efficient tuned circuits 
with lumped constants of relatively small size and also an 
antenna structure not considered to be excessively large. 

(7) Picture monitoring facilities were not included with the cam- 
era transmitter unit since unattended operation was expected. 
Instead a separate monitor unit employing a 7 -inch kinescope 
was designed so that it could be connected to the camera trans- 
mitter with a single cable connection. When this was done, the 
B+ supply to the transmitter output tube was automatically 
transferred to the monitor circuit. When this connection was 
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Fig. 1 -Block I equipment at transmitting location. 

Fig. 2- Camera transmitter -tube side. 

Fig. 3- Camera transmitter -circuit side. 
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made, the power drain on the dynamotor remained approxi- 
mately the same as with the transmitter load. 

Other design considerations involved in the development of this 
equipment will be discussed in the detailed descriptions of each unit 
which follow. The three units necessary at the transmitting location 
are shown in Figure 1. Figure 2 presents a side view of the camera - 
transmitter showing most of the tubes. As may be seen in the photo- 
graph the type of construction used resembles an "I" beam with closed 
ends and results in a light -weight but very rigid unit. The center 
chassis section on which most of the tubes are mounted is welded to 
the "wrap around." Both side covers of the unit, which are removable, 
are fastened in place by six "Dzus" type fasteners. Special spring con- 
tacts are placed on all the outside flanges of the case to insure a good 
ground between the covers and the case. The front compartment houses 
the lens mounting and iconoscope; the central portion of the case con- 
tains the video amplifier and deflecting circuits; and the transmitter is 
located in a narrow section at the rear of the unit. 

Ten control knobs are recessed in the top of the case. These, 
together with the power switch on the back of the unit may be consid- 
ered as "operating" controls. Their functions are as follows: 

(1) Horizontal Sawtooth Shading 
(2) Vertical Sawtooth Shading 
(3) Horizontal Parabola Shading 
(4) Vertical Parabola Shading 
(5) Iconoscope Horizontal Centering 
(6) Iconoscope Vertical Centering 
(7) Iconoscope Size 
(8) Iconoscope Focus 
(9) Video Gain 

(10) Iconoscope Bias 

Five additional controls are accessible after removal of the right - 
hand cover. These controls require adjustment only when associated 
tubes are changed. The five controls are arranged along the partition 
separating the transmitter section from the rest of the unit. Reading 
from top to bottom they are: 

(1) Synchronizing Amplitude 
(2) Iconoscope Vertical Size 
(3) Iconoscope Blanking 
(4) Vertical Speed 
(5) Horizontal Speed 

The power from the dynamotor is brought in through a plug in the 
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rear of the unit. A coaxial nection for a 75 -ohm radio -frequency 
output line from the transmi, also located at the rear of the unit. 

Figure 3 shows the other side of the case where most of the circuit 
elements are placed. In spite of the large number of components most 

of them are readily accessible. Electrically there are four main groups 
of circuits making up this unit. These are : 

(1) The master scanning oscillators and deflecting circuits 
(2) The iconoscope with its associated video amplifier, shading, 

blanking and synchronization mixing circuits 
(3) The transmitter circuits 
(4) Power supply circuits 
Considering first (1) above, this comprises that part of the sche- 

matic shown in Figure 4 (facing page 472) associated with tubes V6, 

V7, V8, V9, V10, V13, V14 and V15. Cathode -coupled multivibrators 
were chosen as master oscillators for both line and frame frequencies 
because they produce pulse wave shapes which can easily be trans- 
formed into synchronizing and blanking pulses. Across the common 
cathode resistor of this type of oscillator is found a positive pulse with 
steep vertical sides, a decreasing amplitude during the pulse itself and 
a constant voltage level between pulses. The wave shape of the voltage 
on the output plate of the oscillator is similar to that on the cathode but 
it has the opposite polarity. It may be noted that a relatively high value 
of cathode resistor is used in the multivibrator circuits in order to 
obtain sufficient pulse voltage on the cathodes for satisfactory operation 
of the mixer circuits. This requires a positive bias on the multivibrator 
grids. 

An adjustment of this bias voltage on the output triode of the 
multivibrator provides a convenient speed control. The circuit elements 
of the multivibrators were so chosen that the resulting widths of the 
pulses appearing on the cathodes have a duration such that these pulses 
are suitable for use as kinescope blanking signals. Narrower pulses ob- 
tained by differentiating the cathode pulses are used in developing the 
synchronizing signal. The same cathode pulses are also fed to the usual 
type of discharge -tube sawtooth generating circuits in order to create 
the necessary scanning waveforms. The pulse appearing in the plate 
circuit of the vertical multivibrator is used as a source of blanking 
signal for the iconoscope grid. 

Resistance mixing circuits are used to combine the horizontal and 
vertical pulses from the multivibrator cathodes in the grid circuit of 
the blanking amplifier (Section A of tube V6), and the resultant is 
added to the video signal in the common plate circuit of the video 
amplifier tube V5, Section A, and tube V6, Section B. The amplitude of 
these pulses on the grid of the tube V5, Section B, is sufficient to drive 
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the grid beyond cut -off. Thus no video signal is transmitted during 
the pulse time with the result that the kinescope screen of the receiver 
can be made black during this period and the retrace of the cathode 
ray beam will not be visible. The synchronizing pulses also obtained 
from the pulses appearing on the multivibrator cathodes, are much 
narrower than the corresponding blanking pulses because of the inser- 
tion of small coupling capacitors in the mixing circuit at the grid of 
tube V6, Section B, which pass only the steep wave front of the pulses. 
These short pulses appear in the plate circuit of the tube and are added 
to the combined video and blanking signal appearing at the cathode of 
the video amplifier tube, V5, Section B. 

The function of the 18- micromicrofarad, additional shunt capaci- 
tance from grid to ground of the synchronizing pulse amplifier tube 
V6, is to delay slightly the leading edge of the horizontal synchronizing 
pulses with respect to the leading edge of the horizontal blanking 
pulses thereby producing a narrow but adequate "front porch" or delay 
period. The function of this delay is the same as that in the standard 
Radio Manufacturers Association signal -to prevent video signals near 
the leading edge of the blanking signal from changing the timing of 
the synchronizing signals. The same capacitor also causes a slight 
delay of the leading edge of the vertical synchronizing signal with 
respect to the vertical blanking signal with the same result. 

As noted previously, the necessary saw -tooth wave forms for deflect- 
ing the iconoscope cathode -ray beam are derived from the pulses ap- 
pearing on the cathodes of the two multivibrators by impressing them 
on the grids of the two discharge tube sections of tube V10. The ver- 
tical saw -tooth is amplified in tube V9 and fed through a step -down 
transformer to the vertical deflecting coils of the iconoscope yoke. A 
horizontal saw -tooth appears in the plate circuit of Section B of tube 
V10. The plate supply for this circuit comes from the vertical output 
tube V9. Thus the horizontal saw -tooth is modulated by a vertical saw - 
tooth thereby producing the keystone correction made necessary by 
the construction of the iconoscope. This requires a greater amplitude 
of horizontal scanning current when the beam strikes that part of the 
mosaic nearest the electron gun. A control is not required on the 
amplitude of keystone correction since the circuit constants of the 
horizontal saw -tooth generating circuit were chosen to give the exact 
amount of correction necessary. This keystone- corrected horizontal 
saw -tooth is amplified in the horizontal output tube (V14), and the 
horizontal damping tube V13 supplies the necessary damping to sup- 
press horizontal frequency transients. A step -down transformer in the 
plate circuit of tube V14 feeds the deflecting signal to the horizontal 
deflection coils of the iconoscope yoke. 
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In order to obtain a direct -current second anode voltage of approxi- 
mately -1000 volts for the iconoscope, the plate transformer of the 
tube V14 is also provided with a step-up winding which feeds enough 
horizontal signal to the high voltage rectifier tube V15 to obtain the 
necessary voltage. 

Since a horizontal size control would also cause a variation in the 
second anode voltage which would, in turn, require a readjustment of 
vertical size, it was considered more desirable to keep the horizontal 
scanning current in the yoke at a fixed value and provide an adjust- 
ment of the second anode voltage supply. 

This adjustment changes the deflection amplitude of horizontal and 
vertical scanning circuits simultaneously so that a quick check of scan- 
ning amplitudes can be made by decreasing the second anode voltage 
slightly which should normally bring the frame of the iconoscope 
mosaic uniformly into view at all four edges of the picture. The second 
anode voltage is made adjustable by inserting a variable resistor in 
the cathode lead of the rectifier tube V15. 

The second major division of the camera transmitter mentioned in 
(2) above is the iconoscope and its associated video amplifier consist- 
ing of tubes V1, V2, V3, V4, and V5. 

The iconoscope output resistor has a relatively high value in order 
to improve the signal -to -noise ratio at low frequencies, thereby reduc- 
ing microphonics and ripple. This causes a drop in the high- frequency 
content of the video signal which is compensated for by the "high 
peaker" coupling circuit between tubes V2 and V3. 

All the video stages except the one associated with V5 were made 
using both a series and a shunt inductance in the amplifier plate cir- 
cuits in order to equalize the high frequency response. The single 
inductance in the plate circuit of the first triode section of V5 was 
adjusted to produce a broad resonance in the middle frequency range 
in the neighborhood of 2.5 to 3.0 megacycles in order to equalize the dip 
in response resulting from the other four circuits in cascade. In this 
manner an overall flat response was obtained to approximately five 
megacycles. The low- frequency phase and amplitude response, affected 
mainly by the choice of coupling capacitors, grid leaks, and plate -filter 
by -pass capacitors, is such that the amplifier is capable of passing a 
40 -cycle square wave with very little distortion. In order to eliminate 
some of the disturbing effects in the picture caused by microphonics 
especially at the lower frequencies, a small series coupling capacitor 
(270 micromicrofarads) is placed in series with the grid of the video 
amplifier V5. This is normally short- circuited with a short length of 
wire which can then be cut if noise and vibration conditions are espe- 
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cially severe. The consequent reduction in low- frequency response 
attenuates most of the usual microphonic frequencies but also results 
in some loss of picture intelligence. The most objectionable effect is 
the introduction of rather long horizontal light streaks after dark 
objects in the picture. 

The potentiometers and associated circuits in the low- impedance 
side of the two deflection transformers provide shading signals which 
are mixed with the video signal in the iconoscope output circuit. These 
signals compensate to a certain extent for the spurious signal generated 
by the iconoscope itself (black spot signal). Four compensating sig- 
nals are generated; horizontal and vertical saw -tooth wave forms, and 
horizontal and vertical parabola wave forms. Since the two deflecting 
output circuits are balanced to ground (by having the connection 
between pairs of deflecting coils grounded through the low- impedance 
centering circuits) the mid -position of the four potentiometers corre- 
sponds to zero shading signal. Moving the potentiometers to one side 
of this point provides one polarity of shading signal, moving them to 
the other side provides the opposite polarity. 

The waveform of the signal appearing at the vertical transformer 
secondary is a reasonably linear saw -tooth so that a single differentia- 
tion circuit consisting of R65 (220,000 ohms) and C28 (0.1 micro - farad) supplies a satisfactory vertical parabola. The 330- micromicro- 
farad capacitor (C68) is for the purpose of by- passing horizontal 
frequency pulses introduced into the vertical circuits through coupling 
in the deflecting yoke. Since the voltage waveforms appearing on the secondary side of the horizontal output transformer are pulses, it is necessary to use a single differentiating circuit to obtain saw -tooth waveforms and two of these circuits in series to obtain parabolic wave- forms. The series resistors in the mixing circuit used to combine all four different waveforms are so chosen that the maximum voltages derived from all shading potentiometers are approximately the same. The radio- frequency oscillator and buffer circuits are also shown in the schematic (Figure 4). V17 is the radio- frequency oscillator, the tank circuit of which consists of L4, C108, and C109. C109 may be removed for change of frequency and C108 is variable to permit tuning 
to the exact frequency desired within the range. L4 is tapped in two places, the center tap going to the plate supply voltage through L2 and R40, the other tap being the oscillator output and feeding through C82 to the buffer grid. The voltage supply is connected through the circuit of L4 to both the plate and the screen grid. This oscillator has the con- trol grid and screen grid closely coupled together so that the tube oscil- lates as a low "mu" triode. The output is taken from L4 through C82 
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to the control grid of the buffer stage V18. This buffer stage is a 

radio -frequency amplifier with a tuned plate circuit consisting of L5. 

and C110. Connected to L5 is a link circuit which has a coupling coil 

L6 feeding to the radio -frequency output stage, V19. 
The radio -frequency output and modulation circuits are also shown 

in Figure 4. The coupling coil L6 couples to L7 which is the grid tuning 
circuit for the radio -frequency output tube V19. This is a double sec- 

tion tube having essentially two beam -power structures within one 

envelope. L7 has a center -tap connection for grid -modulation and bias 
for V19. The bias supply, from a 45 -volt dry battery, passes to L7 

through the output circuit of the last video amplifier which contains the 
video signal, synchronization and blanking. Consequently, the grid 
voltages on V19 will be modulated with these various voltages. The 
plates of this tube are connected to their respective ends of L8. L8 is 

part of the output tank circuit which consists of L8, C58 and C57. C58 

and C57 are tuning condensers ganged together and controllable by one 

adjustment. The heater circuit of V19 is supplied directly from the 
12.5 -volt power supply through a switch, shown as S4, which opens the 
heater circuit when the monitor cable plug is inserted. L9 is a radio - 
frequency output coil coupled to L8 and is connected to the antenna 
output terminal. 

To insure that synchronizing pulses will always be transmitted at 
full power, further modulation is accomplished in the plate circuit of 

V19 for the synchronizing pulses only. The output from V20 consists 
of synchronizing pulses applied to the grid of V21. The plate current 
for V19 passes through R117, V22 and R150 to the mid -tap of L8. 

V22 is a half wave rectifier tube through which the plate current of 
V19 flows. Condenser C103 is connected from the plate circuit between 
V22 and R150 to ground through a 4,000 -ohm resistor. This 4,000 -ohm 
resistor is also in series with the cathode of V21. Between synchroniz- 
ing pulses, V21 is not drawing plate current and consequently C103 

will be charged to full plate voltage. When a synchronizing pulse 
arrives at the grid of V21 it will draw considerable plate current, 
causing current to flow through R68, making the lower end of C103 

approximately 180 volts positive. This 180 volts added to the approxi- 
mately 400 volts already on C103 will raise the plate voltage of V19 to 
about 580 volts. The condenser C103 supplies V19 with power during 
the short interval that the synchronizing pulse continues, as V22 will 
not allow a discharge of this condenser back through the power supply. 

Consequently, during the period of a synchronizing pulse, V19 is 

driven completely to the limits of operation and definite modulation of 
synchronizing pulses is secured. In order to make the rise of plate 
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voltage completely effective, C102 is placed in this circuit. This raises 
the screen grid voltage on V19 in much the same manner as the plate 
voltage was raised. Therefore, by having both grid and plate modula- 
tion for the synchronizing pulses, it is possible to hold the receiver in 
synchronism under severe conditions of noise and interference. 

The power supply unit consists of a dynamotor, a power -control 
relay and two filter systems and is shown schematically in Figure 5. 
All voltages required for operation of the camera transmitter and 
monitor are obtained through connections to this unit. The dynamotor, 
which comprises the means for converting the 12 -volt primary power 
into the high -voltage direct -current potential required for operation of 
the camera- transmitter and monitor, is mounted on the top of the unit, 
thus providing adequate ventilation and ease of access for routine 
service of the rotating equipment. 

All cable connections required for normal operation of the equip- 
ment are completed by means of an 8- connector receptacle (camera- 

Fig. 5 -Power supply- schematic diagram. 

transmitter connections) and a 2- connector plug (power connection). 
A third receptacle is provided for connection of a remote power control 
switch if such is required. 

The dynamotor is designed for operation from a 12.5 volts direct - 
current supply. Two secondary windings and commutators are pro- 
vided; one insulated for 1000 volts delivering 6.3 volts direct -current 
to the filament of the iconoscope and the other delivering 400 volts 
direct -current to the camera -transmitter and to the input of a filter 
system. Approximately 280 volts is supplied to the camera -transmitter 
from the output of this filter. The iconoscope centering voltage is 
derived from the heater supply but is filtered to keep ripple on this 
supply from affecting the deflecting circuits. 

In the camera transmitter unit itself are located two regulator tubes 
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V11 and V12 in series. These tubes provide a constant voltage supply 

to those circuits which are sensitive to slight changes in anode voltage. 

Such circuits include the scanning oscillator circuits, the screen grids 
of the video amplifier tubes, the blanking and synchronizing amplifier 

tubes and the clipper tube V5. The bias supply is derived from a 45- 

volt "C" battery. This was chosen primarily to supply the transmitter 
output tube with a low impedance bias source so that grid current 
would not change the bias voltage. A bleeder is used to provide the 
necessary bias voltages required for the video amplifier. This bleeder 
is supplied through one diode section of tube V15 so that the drain on 

the battery is automatically removed whenever the heater supply is 

removed. The second -anode supply for the iconoscope is derived from 

Fig. 6-Monitor--with cover removed. 

the horizontal output transformer and was discussed in detail in the 
description of the scanning circuits. 

The monitor designed for use with the camera transmitter is shown 
with the transmitting equipment in Figure 1. In Figure 6 it may be 

seen again with the cover removed. The monitor unit consists of a 

type 1811 -P1, 7 -inch kinescope, together with its associated deflection 

circuits and video amplifier. Connection of the monitor to the camera 
transmitter automatically opens the heater circuit of the Type 829 

output tube in the transmitter (V19), thus compensating for the power 
required by the monitor unit, and maintaining normal B+ voltage. 
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Four controls required for normal operation of the monitor unit 
are located on the front panel, below the screen of the kinescope. These 
controls, progressing from left to right are, respectively, the "hori- 
zontal hold" control, the "focus" control, the "brightness" control and 
the "vertical hold" control. The "width ", "height ", "vertical linearity ", 
"vertical centering" and "horizontal centering" controls, being used 
infrequently, are screwdriver adjustment. They are arranged from 
front to back along the right -hand side of the unit in the order named. 
The monitor is provided with a removable light shield. 

To obtain access to tubes and circuit components, the chassis can 
be removed from the case after loosening the three "Dzus" fasteners 
on the front of the unit and also removing the power cable. 

The monitor was designed specifically for operation from a com- 

Fig. 7-Monitor--schematic diagram. 

posite picture signal of the type used to feed the transmitter modulator 
and having approximately one volt peak -to -peak amplitude. It contains 
a video amplifier, separating circuits, line and frame frequency oscil- 
lators and their associated deflecting circuits. A schematic diagram is 
shown in Figure 7. 

A 12SN7GT (V1) forms a two stage video amplifier which receives 
a video signal from the monitor output of the transmitter unit and 
feeds the signal to the kinescope grid. From the plate of the first 
amplifier stage the signal is fed to the synchronizing separator tube, a 
12SL7GT (V3). There is sufficient synchronizing signal amplitude at 
this point so that the video signal drives the grids of this tube beyond 
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cut -off and only synchronizing pulses appear on the two cathodes from 
which the vertical and horizontal oscillator (V4 and V6) are fed. Both 
horizontal and vertical oscillators are conventional blocking oscillators 
except that speed controls are provided by adjustments of the amount 
of positive bias on the oscillator grid leak ground returns. 

A resistance -capacitance damping circuit is used across the hori- 
zontal deflection transformer in place of a damping tube in order to 
save space, although the circuit is somewhat less efficient. 

This same transformer also has a step -up winding and a filament 
winding which supplies heater and plate voltage to a Type 8016 recti- 
fier, V8. The rectified direct -current output (approximately 4500 volts) 
is applied to the second anode of the kinescope. A potentiometer in a 
bleeder circuit on this supply furnishes an adjustable first anode 
voltage. A VR- 150 -30 regulator tube (V2) supplies a substantially 
constant 150 -volt potential to the video amplifier and the vertical and 

Fig. 8 -Block I receiver and voltage control. 

horizontal oscillators, so that gain and scanning oscillator frequency 
will be reasonably constant regardless of change in supply voltage. 

Figure 8 shows the receiver and a voltage control box designed 
specifically for adjusting the input voltage to the receiver. In Figure 
9 the top cover of the receiver has been removed to show the general 
construction and arrangement of parts. It may be seen that in design 
features it is somewhat similar to the camera -transmitter unit. 

The receiver is completely self- contained and includes its own power 
supply, designed for operation from a 12- to 14 -volt storage battery or 
the equivalent. The entire unit mounts, by means of thumb -screws, on 
a shock -mounting base supplied with the equipment. Plate power is 
supplied by an internal dynamotor developing 330 volts (direct -cur- 
rent), when connected to a 12.5 -volt direct -current source. All cable 
connectors and controls necessary for set -up and operation of the unit 
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are brought out to the front panel. Battery connections are terminated 
at a polarized plug, mounted at the lower right -hand side of the panel. 
The antenna connection is completed through a connector mounted at 
the upper left -hand side of the receiver. The antenna circuit is de- 
signed to work out of a 75 -ohm coaxial line. 

Controls requiring adjustment under normal operating conditions 

Fig. 9 -Block I receiver -top cover removed. 

are mounted on the front panel. Those controls requiring only infre- 
quent adjustment are recessed below the level of the panel. 

The controls mounted on the panel are the "vertical hold" control 
located on the left end of the upper row of controls, the "brightness" 
control at the right of the vertical hold control, the "horizontal hold" 
control at the left of the lower row of controls, the "contrast" control 
at the right of the horizontal hold control, and the "focus" control at 
the right and below the kinescope. The power switch is mounted 
directly above the focus control. 
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The controls which are recessed are (starting at the left end of the 
top row) ; the "vertical size" control, the "vertical linearity" control 
and the "vertical centering" control, the "horizontal linearity" control 
and the "horizontal centering" control. 

The connector plug located at the right of the antenna plug is used 
when it is necessary to send a signal to a remote monitor. When it is 
desired to utilize the monitor signal, the small switch mounted next 
to the monitor output plug must be switched to the monitor ouput 
position; otherwise, the switch should always remain in the "internal" 
position. 

Electrically, the receiver may be separated into four main divisions: 
(1) The radio -frequency amplifier, intermediate -frequency ampli- 

fier and video amplifier chassis is located at the left of the 
kinescope when the receiver is viewed from the wiring side 
with the face of the kinescope tube at the top. 

(2) The seven -inch kinescope, Type 1811 -P1 is mounted in the 
middle of the receiver. The kinescope is housed in a mu -metal 
shield, within which is mounted the magnetic deflecting yoke. 

(3) The deflection chassis, mounted to the right of the kinescope, 
contains the circuits which separate the synchronizing signal 
from the video signal, the blocking oscillators and discharge 
tubes, the saw -tooth voltage amplifiers and output tubes. These 
are utilized for generating the saw -tooth current wave in the 
magnetic deflecting yoke which deflects the electron beam in 
the kinescope. The horizontal output circuit which provides 
the high voltage power supply for the kinescope is also located 
in this section. 

(4) The dynamotor, located at the right rear corner of the deflec- 
tion chassis supplies all the low- voltage direct -current power 
required for operation of the receiver. 

A schematic diagram of the receiver is shown in Figure 10 (facing 
page 473). The radio frequency amplifier, Type 9003 (V1), the first 
detector, Type 9003 (V2), and the fixed frequency radio -frequency 
oscillator, Type 9002 (V3), are mounted on a small chassis. This chassis 
is so designed that it can be removed from the radio -frequency and 
intermediate -frequency chassis of the receiver unit and replaced with a 
unit designed to receive another carrier frequency within reasonable 
limits if that becomes desirable. The radio frequency unit is followed by 
a six -stage intermediate frequency amplifier (tubes V4, V5, V6, V7, V8 
and V9). The first five stages of the intermediate frequency amplifier 
utilize Type 6AC7 tubes and the sixth stage a Type 6ÁG7 tube. 



TELEVISION FOR AIRCRAFT 485 

The coupling circuits in the intermediate frequency amplifier cir- 
cuit are "constant K" type filter sections with resistance loading on 

the input or plate side, and a full shunt arm on the grid or output side. 
The sixth intermediate frequency amplifier stage drives the second 

detector, one section of a Type 6116 tube (V10). The other section of 

V10 is used as a limiter tube to limit the noise peaks coming through 
the system. 

The picture signal output from the second detector, after going 
through the limiter, is amplified in the video amplifier tube, Type 
6AC7 (V12), and the two sections of the Type 12SN7GT output tube 
(V13). The first half of V13 furnishes at its cathode an output signal 
for the external monitor and the video signal for the synchronizing 
pulse separating system. Its plate circuit furnishes video signal to 
the contrast control. The second half of V13 is used as an output tube, 
the signal on its grid being obtained from the contrast control, the 
plate circuit driving the grid of the Type 1811 -P1 (C7466) kinescope 
(V27). 

The automatic volume control amplifier and rectifier tube, Type 
12SL7GT (V11), is also mounted on this chassis. Its purpose is to 
hold the output of the set at a constant level over a wide range of signal 
input voltages. 

Mounted on the deflection chassis is the video signal amplifier and 
direct -current setting tube, Type 12SN7GT (V14), the vertical syn- 
chronizing separator and clipper tube, Type 12SN7GT (V15), the 
vertical oscillator and discharge tube Type 12SN7GT (V16), and the 
vertical output tube, Type 12SN7GT (V17). Tube (V17) furnishes 
saw -tooth deflection current to the vertical coils in the deflection yoke 
through the vertical output transformer. 

Contained also in this chassis are the horizontal synchronization 
separator and clipper tube, Type 12SN7GT (V18), the horizontal oscil- 
lator and discharge tube, Type 12SN7GT (V19), the horizontal 
saw -tooth voltage amplifier tube, Type 12SN7GT (V20), the horizontal 
output tube, Type 807 (V21) which furnishes a saw -tooth current wave 
to the horizontal deflection coils through the horizontal- output trans- 
former, the controlled damper tube, Type 71A (V31), and the high - 
voltage rectifier tube, Type 8016 (V22). This tube rectifies the "kick- 
back" voltage generated in the horizontal output transformer during 
the return line time to provide high -voltage (direct- current) required 
by the second anode of the kinescope. 

The bias amplifier and rectifier tube, Type 12SN7GT (V24) which 
amplifies and rectifies the horizontal saw -tooth voltage to provide a 
negative bias voltage, and the two voltage regulator tubes, V25 and 
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V26 (Type VR -105), which provide iegulatcd voltage to the plates of 
the several oscillators (where stability of frequency is important) and 
to the synchronizing separator and clipper tubes, are also located on 
this chassis. 

Antennas for use with this equipment are not discussed herein, but 
will be covered in a separate paper at a future date. However, one of 
the frequently -used antenna types was a quarter -wave vertical rod 
antenna working against two quarter -wave ground rods extending on 
opposite sides at the base of the vertical radiator. A matching unit 
was used to transform the impedance of the antenna to 75 ohms in 
order to match the transmission line. 

Tests of the overall equipment have already been described in some 
detail.' These tests involved extensive work over a long period by both 
government and company engineers. Although a number of operating 
difficulties were experienced (see Part II) which were corrected in 
later equipment, it was found that the results obtained were in sub- 
stantial agreement with the original design objectives. 

More than 500 equipments of this type were built, most of them 
by the production engineering group in charge of A. Wright and K. A. 
Chittick. Later this group redesigned the Block I equipment in order 
to make it more suitable for quantity production. The new design was 
called Block III equipment and was used by the armed services under 
actual combat conditions. 

PART II 
TRANSMISSION PROBLEMS IN AIRBORNE TELEVISION SYSTEMS 

Introduction 
Early flight tests of Block 1 equipment indicated that the demand 

for satisfactory performance under conditions of actual operation in 
military aircraft imposed extremely severe requirements on the oper- 
ating characteristics of the equipment. Normally after take -off of the 
transmitting plane it was impossible to readjust any controls to com- 
pensate for changes in power- supply voltage, light conditions, signal 
strength, interference, temperature, and vibration. This frequently 
resulted in inferior performance because of poor picture quality, poor 
synchronization or both. 

Investigation showed that some of the principal defects were caused 
by the following conditions: 

(1) Microphonics. 
(2) Power supply voltage variations. 
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(3) Interference caused by ignition -type noise or by other carrier 
frequencies, particularly those having radar modulation. 

(4) Unstable synchronization. 
(5) Variation in light conditions on pickup tube. 
(6) Insufficient signal at receiver. 
(7) Multi -path transmission and frequency modulation of the 

transmitter master oscillator. 

Considerable time and effort has been devoted to these problems 
and some progress has been made toward satisfactory solutions. There 
follows an account of the work done to date. 

1. Microphonics 

There are two basic methods for approaching this problem: 
(a) by mechanically isolating the unit involved from noise and 

vibration; and 
(b) by providing electrical means for reducing the resultant effects 

in the units themselves. 
Where especially severe conditions are encountered, a combination 

of the two methods is probably necessary in order to obtain satisfac- 
tory performance. It is hoped that the improvements developed in 
electrical circuits will make it possible to operate under normal condi- 
tions without elaborate mechanical isolation. 

The most troublesome microphonics originate in those tubes in the 
video amplifier which are followed by maximum low frequency gain. 
There has been some improvement in performance resulting from 
better tube construction and it is hoped that even more rugged tube 
types will be available for future equipment. A considerable improve- 
ment in performance was also obtained by applying the clamp circuit 
principle used in pre -war orthicon equipment to the video amplifier. 
This circuit effectively allows the gain at low frequencies in the video 
amplifier, where microphonics are normally most troublesome, to be 
reduced almost to zero but does not interfere with the reproduction of 
low- frequency signal components. Circuits of various types employing 
this fundamental principle were tried and flight- tested and a relatively 
simple circuit easily adaptable to Block equipment was finally evolved. 

In Figure 11 are shown modifications of some of the circuits in a 
Block I camera -transmitter unit. One of these modifications is the 
addition of a clamp circuit in the video amplifier. The double diode 
V23 receives pulses from the horizontal output transformer in such a 
manner that positive pulses are impressed on the plate of one diode 
and negative pulses on the cathode of the other diode. The negative 
pulses are also fed to the iconoscope grid in order to provide a con- 
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stant reference voltage from the iconoscope during the horizontal 
blanking period. A complete explanation of the operation of the clamp 
circuit may be found in an article by C. L. Townsend .8 

More effective shock mounts than the original design, were devel- 
oped by the Robinson Company and contributed to a marked reduction 
in noise signal originating in microphonic tubes. However, it was 
apparent that under some conditions microphonics originated from 
noise reaching the tubes through the walls of the unit itself. It was 
possible to reduce this effect considerably by enclosing the unit in a 

separate container lined with sound absorbing material. In such cases 
it was also necessary to provide forced ventilation in the unit to pre- 
vent overheating. 

Fig. 11 -Block I camera transmitter modifications. 

2. Power Supply Voltage Variations 
Occasionally the primary direct -current voltage source supplying 

the equipment was reasonably constant but frequently, especially in 
aircraft, the supply voltage was subject to considerable variation. 
This made the proper adjustment of equipment quite difficult since the 
voltage with the plane engine stopped or idling was usually very much 
lower than that obtained in flight. In order to overcome this difficulty 
some type of voltage regulator appeared to be essential. Automatic 
voltage regulator circuits, commonly used in other types of equipment 

3 C. L. Townsend, "The Clamp Circuit," Broad. Eng. Jour., Vol. 12, 
No. 2, pp. 5 -8, Feb., 1945; No. 3, pp. 5 -7, March, 1945. 
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for the B+ supply, were adapted for use in Block equipment. In 
addition to providing a constant output voltage over a considerable 
range of primary supply voltage, this circuit has the advantage of 
providing a low impedance source for the various electrical circuits in 
the equipment, thereby eliminating to a large extent the necessity for 
large electrolytic by -pass capacitors normally used for preventing 
coupling at low frequencies between various circuits. 

Some undesirable effects caused by variation in the primary voltage 
supplying heater power to the equipment still remained. It was pos- 
sible to reduce these effects considerably by the use of devices such 
as ballast lamps, which provide a relatively constant current for a 
wide range of input voltage. This combination of a regulated B+ sup- 
ply and ballast lamps on the low voltage supply resulted in satisfactory 
performance but the efficiency of these circuits was rather poor because 
of the power loss in the regulator tubes. 

Recently it has been possible to obtain dynamotor power supplies 
which will supply a constant output voltage for the B+ supply over a 
considerable range of primary voltage change. These have the advan- 
tage of being much more efficient than the other devices described but 
it may still be desirable to use a regulated B+ supply in order to obtain 
a low impedance source for preventing crosstalk. Since this B+ regu- 
lator circuit does not need to be designed to accommodate a large 
variation of input voltage, the tubes can be designed to operate much 
more efficiently than in customary regulator service. Another pos- 
sibility is the use of a circuit quite similar to the normal regulating 
circuit which will take out low frequency disturbances and provide a 
low impedance source but which will not regulate the direct -current 
voltage itself. 

3. Interference 

On some of the first flight tests it was discovered that radar equip- 
ment operating near the Block equipment carrier frequency would 
completely eliminate the picture signal appearing on the receiver. This 
would occur when sufficient interfering signal reached the automatic 
gain control circuit at the receiver to decrease the gain of the inter- 
mediate- frequency amplifier enough so that none of the desired signal 
was visible on the kinescope. A long series of experiments and flight 
tests were made in an effort to reduce this effect as much as possible. 

For radar -type interference it was noticed that while the amplitude 
of the signal was large, the energy content was quite small. This char- 
acteristic was used to improve the operation of the automatic volume 
control. Under normal conditions the automatic volume control is con- 
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trolled by the amplitude of the synchronizing pulses appearing at the 
output of the receiver second detector. Since the energy content of the 

synchronizing pulses is normally much greater than that of the radar 
pulses it was possible to alter the constants of the automatic volume 

control circuit in such a way that it operated to a large extent on 

signal energy rather than peak amplitude. This type of circuit is called 

the low impedance type automatic volume control circuit and is illus- 
trated in Figure 12. It is capable of permitting satisfactory operation 
of the receiver under interference conditions from radar at least 100 

times as severe as was formerly possible. Another type of "low impe- 

dance" automatic volume control circuit is illustrated in Figure 13. 

The input circuit to the automatic volume control diode is tuned to 

the line frequency in order to discriminate between the synchronizing 
pulses intended for rectification and the interfering radar pulses. 
This circuit, however, showed little improvement over the preceding 
one since shock excitation of the tuned circuit by radar or noise pulses 
also contributed to the automatic volume control bias developed. 

A still further improvement was made possible by introducing 
pulses from the horizontal output circuit into the automatic volume 

control circuit in such a way that signals can reach the automatic 
volume control detector only during a short interval corresponding to 
slightly more than the period of the horizontal synchronizing pulse. 
This circuit is called a "keyed automatic volume control circuit" and 
prevents all the interference occurring during the interval in which 
picture signal is transmitted from affecting the operation of the auto- 
matic volume control. An improvement of approximately 10 to 1 was 
noted over the normal low impedance automatic volume control circuit. 
This type of circuit is shown in Figure 14. 

Suitable limiter circuits on the signal output to the automatic 
volume control circuit are also helpful in improving performance. 
However, these circuits require rather careful adjustment so that the 
limiting level is always somewhat higher than the amplitude of the 
synchronizing signal itself. This also means that the automatic volume 
control characteristic must be quite flat so that with any reasonable 
value of signal input the synchronizing level will not exceed the limiter 
adjustment. 

4. Instability of Synchronization 
Another effect of noise and interference was to disturb seriously 

the synchronization of the picture at the receiver. In many cases this 
resulted in a loss of picture intelligence much greater than that caused 
by the presence of the interference in the picture signal itself. During 
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AMPI AVC RECT.-1 

TO I. F. AMPL. GRIDS 

Fig. 12 -Low impedance automatic volume control circuit. 

flight tests it was frequently necessary for the operator at the receiver 
to adjust the hold controls in order to keep a stationary picture on the 
kinescope screen. 

A fundamental difficulty with the first Block equipment lay in scan- 
ning oscillator instability. Both the line and frame frequency scanning 
oscillators were cathode -coupled multivibrators whose frequency was a 
function of a large number of variables including the supply voltage, 

ñ 223 

AVC AMP AVE RECT.--\ 

6 

TO S.F. AMPL. GRIDS 

Fig. 13 -Low impedance automatic volume control circuit with 
tuned circuit discrimination. 

ambient temperature, and all the resistors and capacitors used in the 
feedback circuit. This type of oscillator has the advantage that it pro- 
duces pulse wave shapes which can be used directly for blanking and 
synchronizing signals. Various other types of relaxation oscillators 
were tried in an effort to find some whose frequency stability was 
superior to those in use. However, none of them exhibited a frequency 
stability comparable to that obtained from a sine wave oscillator. 

-AVC AMPL. 

POSITIVE PULSE 12 25 
FPrn nn4 nu- 

AVC RECT. --\ 

TO LF. AMPL. GRIDS 

Fig. 14 -Keyed low impedance automatic volume control circuit. 
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It was finally decided to use sine -wave type oscillators for both 
line and frame frequency scanning circuits and relatively simple shap- 
ing circuits were developed to obtain the necessary blanking and 
synchronizing pulses from the wave shape obtained from the sine wave 
oscillator. The horizontal oscillator was of the inductance -capacitance 
type with an adjustable powdered iron core for tuning the circuit to 
the proper frequency. The vertical oscillator was of the resistance - 
capacitance network type. This was used in place of a conventional 
inductance -capacitance oscillator because of the large size of the in- 
ductance required for a 40- cycle oscillator of the latter type. The 
stabilization of these scanning frequencies at the transmitter resulted 
in a considerable improvement in performance since the receiver 
synchronizing circuits did not have to compensate for any changes of 
frequency at the transmitter. It was also possible to adjust two differ- 
ent camera transmitter units to have exactly the same scanning oscil- 
lator frequencies so that a receiver could be tuned from one transmitter 
to another without requiring readjustment of the synchronizing hold 
controls. Figure 11 shows modifications made in the scanning oscil- 
lator circuits of a Block camera transmitter unit in order to permit the 
use of stable oscillators. 

One -half of the 12SL7 (V8) is the horizontal frequency oscillator. 
The other half is an amplifier and clipper of the pulse -wave form 
appearing across the 2200 -ohm resistor in the plate circuit of the 
oscillator. The plate circuit of the pulse amplifier is coupled to both 
triodes of the 12SN7 (V10). One triode is the horizontal discharge 
tube which develops a saw -tooth in its plate circuit for the horizontal 
output tube. The other triode is the horizontal blanking amplifier 
supplying blanking to the 12SN7 clipper tube (V5) in the video ampli- 
fier. One -half of the 12SL7 (V7) is the vertical scanning oscillator; 
the other half is an amplifier stage which amplifies a vertical pulse 
obtained by differentiating the plate voltage wave of the oscillator. 
One -half of the 12SN7 (V9) is the vertical discharge tube which con- 
verts the pulse to a saw -tooth wave form. The other half of (V9) is 
the vertical output tube which feeds the output transformer. Vertical 
shading voltages are also obtained from the plate and cathode voltages 
of this tube. Vertical blanking signal is obtained from one -half of 
12SN7 (V6). In the plate circuit the horizontal and vertical blanking 
signals and the video signal are mixed together to be impressed on the 
clipper grid. The other half of (V6) is the synchronizing signal am- 
plifier which obtains its grid voltage from differentiating circuits 
connected to the horizontal and vertical output circuits. 

However, even with this improvement severe noise and interference 
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conditions caused the picture on the receiver to be unstable. Radar 
interference of insufficient intensity to interfere with the picture signal 
was enough to cause the picture edges to be quite irregular so that 
a considerable amount of picture intelligence was lost from that cause. 
To improve this condition the automatic frequency control principle 
was applied to the scanning oscillators in the receiver. This circuit 
uses a phase detector which operates in such a way that it maintains 
the pulse from the synchronizing signal and the pulse from the hori- 
zontal output circuit within a very short time interval of each other. 
The output of the phase detector operates on a reactance tube which 
changes the frequency of the scanning oscillator in such a way that 
the proper phase relationship is maintained. This circuit has a suffi- 
ciently long time constant so that noise pulses of short duration have 
practically no effect on the bias supplied to the reactance tube. 

In this way the average frequency of the scanning oscillator at the 
receiver is made the same as the average frequency of the scanning 
oscillator at the transmitter. If, for instance, both horizontal oscil- 
lators maintain this constant frequency over a period greater than one 
vertical frame then the picture edges will automatically be exactly 
vertical. The longer the time constant of this circuit the better noise 
immunity it will have for low frequency interference. However, the 
long time constant circuit requires an appreciably longer time to come 
into synchronism if the signal is temporarily lost. Another difficulty 
noticed with the long time constant circuit on the horizontal oscillator 
is the lateral movement of the picture caused by rapid changes in the 
path length of the signal reaching the receiver. This happens only 
when the receiver is obtaining its incoming carrier signal over two 
separate paths, one of them usually a direct path and the other a 
reflection from the ground or some large object. The best value of the 
time constant of the horizontal automatic frequency control is a matter 
of compromise. Experiments indicate that an optimum value will 
permit the horizontal receiver scanning oscillator to stay in synchro- 
nism with the transmitting scanning oscillator even though a syn- 
chronizing signal may be lost for one complete frame and still allow 
a reasonably fast pull -in after temporary loss of synchronizing signal. 
The time constant for the automatic frequency control circuit con- 
trolling vertical oscillator speed is more difficult to adjust. In order 
to obtain superior noise immunity over the standard lock -in circuit the 
time constant must be made long compared to one vertical frame. This 
makes the recovery time after a temporary loss of signal too slow to be 
satisfactory. What is necessary is a circuit which has a long time - 
constant while the vertical oscillator is locked in but permits a short 
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recovery time when the oscillator is out of step. One outstanding 
advantage of this circuit arrangement for both horizontal and vertical 
oscillators is that it practically relieves the operator at the receiving 
location from the necessity of adjusting the receiver hold controls once 
they have been properly adjusted. 

Figure 15 shows the horizontal and vertical lock -in circuits of a 
Block 1 receiver modified to include automatic frequency control of 
both scanning oscillators. Referring to Figure 15, one -half of the 
12SL7 (V24) is the horizontal sine -wave oscillator. The 6AC7 (V20) 
is a reactance tube operating in a conventional circuit. A change in 
the direct -current bias of this tube causes it to change its gain. Since 
the plate current of the tube is almost 90 degrees out of phase with 
the plate voltage due to the resistance capacity network in its grid 
circuit, the change in gain causes a change in frequency because of the 
change in reactive current through this tube which is in shunt with the 
oscillator tank circuit. The bias which operates the reactance tube and 
thereby changes its frequency comes from a 6H6 discriminator tube 
(V19) which receives signal from a synchronizing amplifier and hori- 
zontal synchronizing separator (V14). The plate circuit of the sepa- 
rator has a transformer which supplies a synchronizing signal of 
opposite polarity to the two discriminator diodes. A horizontal pulse 
from the horizontal output is introduced into the discriminator circuit 
in such a way that the same polarity pulse appears on both diodes. 
When the phase relationship between the incoming synchronizing 
pulses and the pulses from the horizontal deflecting circuit changes, 
the direct -current output from the discriminator changes. If the phase 
shift is in one direction, the direct -current output is positive; if in the 
opposite direction, the direct- current output is negative. This bias 
applied to the reactance tube tends to shift the oscillator frequency just 
enough to keep the synchronizing pulse and the horizontal output pulse 
in proper phase relationship. The time -constant of the resistance - 
capacitance network in the output of the discriminator determines the 
speed of response of the horizontal automatic frequency control system. 
If this time constant is slow, the oscillator will hold its frequency over 
longer periods of absence of synchronizing signal than is possible with 
a short time constant. However, if the oscillator is out of synchronism 
either at the time the receiver is turned on, or because of excessive 
noise or lack of signal, the time of recovery is much slower with the 
long -time constant circuit than with the other. 

It may be noted that the horizontal discriminator circuit is not 
balanced with respect to ground. Test indicated that it was highly 
desirable to have the discriminator output nearly zero when no input 
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signal was present. Since a pulse is used from the horizontal output 
instead of a saw- tooth, the discriminator output will not be zero unless 
the circuit is unbalanced with respect to ground. If this condition is 
not fulfilled, the recovery or pull -in time is quite long because of the 
necessity for charging the one -microfarad capacitor through the 
10- megohm resistor to a definite direct -current potential. 

The speed control for the horizontal hold adjustment is a rheostat 
in the cathode circuit of the reactance tube (V20). A powdered iron 
plug in the oscillator coil acts as an auxiliary speed control. The 
cathode voltage adjustment also makes it possible to change the sensi- 
tivity of the automatic frequency control system. When the control is 
near the lowest value of cathode voltage possible, the sensitivity is 
greatest. With this adjustment the horizontal oscillator will lock in 
about 400 cycles above and below the 14,000 cycle normal frequency. 
At the highest value of cathode voltage, this range drops to about 100 
cycles each way. 

The automatic frequency control circuit for the vertical oscillator is 
quite similar to the circuit used for the horizontal oscillator. The oscil- 
lator is one -half of a 12SL7 (V16) with the resistance- capacitance 
feedback circuit mentioned before. Here the reactance tube changes 
the impedance to ground of one leg of the resistance -capacitance net- 
work. By changing the bias on the grid of one -half of the 12SL7 (V18) 
the plate impedance of the tube varies and therefore the impedance in 
series with the .01- microfarad capacitor to ground also changes, 
thereby changing the frequency. The vertical separator (V18) and 
discriminator (V15) have the same circuit arrangement as the equiva- 
lent horizontal circuits. Vertical synchronizing pulses appear on the 
two discriminator diodes of the 6H6 with opposite polarities and a 
vertical sawtooth from the vertical output has the same polarity on 
both diodes. The resultant direct -current voltage which is generated 
when the diodes are unbalanced tends to shift the oscillator frequency 
so that the correct phase relationship between the vertical synchroniz- 
ing pulses and the vertical saw -tooth output is maintained. The time 
constant used here is again a compromise between the time required 
for the absence of synchronizing signal to cause the oscillator to fall 
out of synchronism and the time for recovery of synchronism once the 
oscillator is out of step. A choice is more difficult here than with the 
horizontal circuit because of the low frequency of vertical scanning. 
The time constant should normally be quite long compared to the time 
required for one picture so that the vertical automatic frequency con- 
trol circuit, in effect, obtains its synchronizing information from a 
large number of vertical pulses. However, if this time constant is very 
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long, and the vertical oscillator does lose synchronism so that the 
vertical blanking pulse appears near the center of the picture, a number 
of seconds may be required before the automatic frequency control 
circuit can reestablish normal synchronization. 

The vertical hold control is a rheostat in a resistive element of the 
resistance -capacitance oscillator network. With a reasonably strong 
signal, the automatic frequency control circuit will keep the vertical 
oscillator in step over a range of plus or minus two cycles variation 
from the normal 40 -cycle frame frequency. 

5. Variation in Light Conditions 

The difference in light conditions prevailing at even moderate alti- 
tudes compared to the light conditions on the ground is usually ex- 
tremely great. The normal characteristics of a scene observed from 
an airplane during daylight include an extremely high light level and 
very low contrast, caused by either haze or smoke in the atmosphere. 
This complicates the problem of adjusting the equipment on the ground 
for satisfactory performance in the air. For the early tests of Block 1 

equipment, a test bench was developed for setting up the camera trans- 
mitter unit on the ground and was arranged so that a slide with very 
little contrast could be projected on the iconoscope mosaic at a light 
level comparable to that obtained during flight. This, in general, im- 
proved performance considerably over that obtained when preliminary 
adjustments were made for a scene on the ground. 

A number of experiments were made in an effort to improve the 
signal output from the iconoscope under high light level and low con- 
trast conditions. It was discovered that many of the earlier iconoscopes 
would saturate at very -high light levels and would produce considerable 
noise output and very little signal. In many cases improved perform- 
ance was obtained by a reduction in the aperture of the lens used in 
the camera. The effect of various types of filters was studied but the 
results were somewhat disappointing since the insertion of a filter 
which cut down the effect of haze also reduced the signal output from 
the iconoscope to the point where hiss noise from the first video ampli- 
fier tube became quite noticeable. In most cases it was found that a 
Wratten #25 orange filter would improve picture contrast without 
seriously increasing noise. 

An investigation of the saturation phenomena in the iconoscope by 
the tube engineers resulted in a slight modification in the tube which 
permitted better operation at high light levels. A high -light test was 
also included in the iconoscope test specifications which would insure 
satisfactory operation. 
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Two methods for obtaining a more nearly constant signal output 
from the iconoscope were also investigated. One method was the 
development of an automatic volume control circuit which would change 
the gain of the video amplifier as a function of its signal output. This 
was somewhat difficult because of the spurious signal delivered by the 
iconoscope during the blanking intervals and the spurious signals 
commonly referred to as "dark spot" and "edge flare ". 

Two types of automatic volume control circuits were developed. In 
one circuit only the high frequency components of the video signal were 
used to operate the automatic volume control system. This operated 
satisfactorily as long as there was a sufficient amount of fine detail in 
the picture from which high frequency signals could be obtained. A 
circuit somewhat more satisfactory was made by keying the automatic 
volume control circuit in such a way that only the picture information 
in the central part of the picture was used to operate the automatic 
volume control. In actual flight tests these circuits showed very little, 
if any, advantage over the normal circuit because the usual light con- 
ditions normally required all of the video gain available consistent with 
a reasonably satisfactory signal to noise ratio. An automatic iris con- 
trol was also suggested for this purpose and was actually developed, 
although primarily for use with the orthicon tube. 

There were two other possibilities suggested for improving the 
performance of the iconoscope under flight conditions: (1) the possi- 
bility of introducing automatic shading circuits; and (2) the possibility 
of controlling automatically the beam current of the iconoscope itself. 
These investigations were discontinued because it was felt that the 
development of the small orthicon and the image orthicon would elimi- 
nate the necessity for circuits of this type. 

6. Low Signal Strength 
With a carrier power output of approximately 15 watts from the 

transmitter of Block I equipment the reliable operating range from 
aircraft to ground was approximately 10 miles. Operation beyond this 
range was possible but the signal would sometimes be lost because of 
the change in position of the plane. An increase in this range was 
considered very desirable but it was felt that considerable increase in 
transmitter power would be necessary for any appreciable improvement 
in performance. This would, of course, mean a much larger unit at 
the transmitter with a corresponding increase in weight and power 
drain. It was decided first to improve the signal -to -noise ratio of the 
receiver as much as possible before attempting to provide more trans- 
mitter power. It was also considered desirable to provide the receiver 
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operator with a tuning adjustment so that interference effects from 

carrier frequencies close to the desired frequency could be minimized 

as much as possible. A new type of head -end tuner for the receiver 
was developed which had the following advantages: 

(a) an improvement in signal -to -noise ratio of at least 2 to 1 over 

previous circuits; 
(b) considerable improvement in the radio- frequency selectivity 

and prevention of excessive oscillator radiation by the inclusion 

of a radio -frequency stage; and 
(c) better performance, as evidenced by flight tests of a receiver 

with the improved tuner, not only because of the improved 
sensitivity but because it was possible by slight changes of 

tuning to eliminate or greatly reduce interference near the 
edge of the channel. (This was impossible with the earlier 
fixed -tuned type receivers.) 

Fig. 16 -Block I receiver tuning unit -top cover removed. 

It is estimated that the addition of this tuner increased the effective 
operating range of the receiver to at least 25 miles. A photograph of 
one of these tuners is shown in Figure 16 and a schematic diagram is 

shown in Figure 17. 

The general principle of this tuner, which has wide application, is 
that of connecting appreciable fixed inductance between the low poten- 
tial side of the variable capacity and ground or virtual ground. Thus, 
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inductance is added to the circuit as the variable capacitance is in- 
creased. This action occurs most effectively when the minimum capaci- 
tance is small compared to the distributed capacitance immediately 
external to the capacitor. Under this condition, the circuit current 
follows a shorter path when the variable capacitor is at minimum than 
when at maximum. 

With ideal capacitor construction and with the largest useful aux- 
iliary inductance, the maximum possible tuning ratio should increase 
from two to three by the addition of the inductance. In practice, of 
course, the maximum tuning range of 2 cannot be realized because 
of limited capacity range. Hence, the addition of inductance in the 
capacitor may increase the tuning range by more than the theoretical 
maximum factor of 3 to 2. In the actual application, the frequency 

Fig. 17 -Block I receiver tuning unit -schematic diagram. 

coverage was doubled by the inductance. However, the tuning ratio 
has been limited to less than 2 in order to reduce the crowding at 
the low- frequency end of the dial when semi -circular plates are used. 
"Midline" or straight -line- frequency plates may also be used to improve 
dial linearity. Inasmuch as the tube capacitance at one end of the 
circuit is in series with the tuning capacitor at the other end, there is 
little to be gained by using a tuning capacitor with a greater maximum 
than two or three times the tube capacitance. 

7. Multipath Transmission 
One of the troublesome problems encountered in the transmission 

of television signals from one plane to another is the effect of two 
out -of -phase signals of nearly the same field strength reaching the 
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receiver simultaneously. This frequently causes two pictures to appear 
simultaneously on the face of the picture tube. The one having lower 
intensity is sometimes called a ghost. Synchronization difficulty is also 
experienced because of the presence of two signals. Considerable im- 
provement can be obtained by using directional antennas and by 
locating them in such a way that reflections from the ground are 
minimized. 

The multipath problem becomes considerably more serious if fre- 
quency modulation is present on the transmitter carrier especially if 
the frequency modulation is caused by video signal. Peculiar interfer- 
ence patterns are caused by the combination of multipath transmission 
and transmitter frequency modulation which may be so strong as to 
destroy entirely the usefulness of the picture. When transmitting from 
plane to ground the difficulty usually arises because a second signal 
arrives at the receiving location, reflected from a large building or 
other similar object in the area near the receiving location. When the 
transmission path is from plane to plane the second signal at the 
receiver is the one arriving by virtue of a reflection from the ground. 
A similar effect can be obtained even though the receiver is at a ground 
location if the antenna is located high enough so that a ground- reflected 
signal will have a phase difference, compared to the direct signal, suffi- 
cient to cause trouble. How this may come about is explained briefly 
in the following paragraphs. 

Consider the elementary propagation system consisting of a trans- 
mitter (T), a receiver (R), the propagation medium, and the earth's 
surface (E) . In the simplest case, the signal is transmitted to the 
receiver, R, from the transmitter, T, over just two paths, one being 
the direct path TR and the other the indirect path, or path of reflection 
TER. The resultant signal at R is the vector sum of the two. 

Obviously, the direct signal from T will arrive at R ahead of the 
indirect signal, the time difference, t, depending upon the heights of 
the transmitter and receiver as well as the distance between them. 
Thus, if a simple rectangular pulse of very short duration as compared 
to t is sent from the transmitter, two pulses will be received, spaced t 
seconds apart. Now let us assume that the transmitter is sending out 
a continuous signal of frequency f1 and after a period of time the 
frequency is suddenly changed to f2 for a time much less than t after 
which the frequency again returns to fl. No amplitude changes occur 
at the transmitter during the transition from f1 to f2 to f 1. In t seconds 
after the pulse of frequency f2 has left the transmitter two signals 
will be received, f1 and f2. Both will be demodulated at the receiver 
producing a beat note having a frequency f1 ± f2 but only during the 
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times when different frequencies arrive by the two paths. The fre- 
quency f1 -l- f2 is too high to be accepted by the receiver, but f1 - f., 
may be a very low frequency falling within the video acceptance band. 
When this is the case, the beat note will appear superimposed on the 
picture signal. 

In actual television practice, large repetitive changes in modulation 
occur mainly at the beginning and ending of the horizontal blanking 
pulses. This means that, when the reaction from power amplifier to 
oscillator is appreciable, there is a beat note of large amplitude during 
the horizontal return time, or fly -back, with consequent vertical bar 
patterns appearing in the picture. Often, the disturbance is further 
complicated by the presence of not just one but several paths of reflec- 
tion so that a corresponding number of beat notes can appear simul- 
taneously and for varying lengths of time. 

Because of this difficulty it is extremely important to keep fre- 
quency modulation of the transmitter to an absolute minimum. A 
buffer stage between the transmitter oscillator and modulator is almost 
an absolute necessity. It is also important that mechanical vibration 
of the oscillator circuit elements be kept below a level which will cause 
excessive frequency modulation. In general, it seems that more than 
1 per cent frequency modulation can cause noticeable effects in the 
picture. 

w w 

The development of Block I television equipment and the subsequent 
investigations carried out in an effort to improve the performance were 
the collective work of a large group of engineers working under the 
direction of R. D. Kell, in charge of television research at RCA Labora- 
tories Division, and G. L. Beers, Assistant Director of Engineering in 
charge of Advanced Development at RCA Victor Division. The devel- 
opment and field test of this equipment would have been at best 
extremely difficult without the whole -hearted interest and cooperation 
of NDRC, Military, and Naval personnel associated with this project. 
This paper covers work done in whole or in part under the following 
contracts: W535sc238, NOs- 86775, PDRC -29, NXs3405 -A, and OEMsr- 
441, all with Radio Corporation of America. 
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Summary -A functional sound absorber is a sound absorbing means 
designed for the single purpose of absorbing sound as contrasted to a con- 
ventional sound absorbing material which serves a two -fold function, 
namely; as a building or wall material and as a sound absorber. Apparatus 
for the measurement of direct- current acoustic resistance, acoustic im- 
pedance and the sound absorption characteristic of functional sound ab- 
sorbers is described. Functional sound absorbers of four different sizes and 
four different shapes have been built and tested. The absorption coefficient 
of the functional sound absorber is on the order of two times that of con- 
ventional materials. Installations of the functional sound absorber illustrate 
the use and the high absorbing efficiency. 

INTRODUCTION 

CONVENTIONAL sound absorbing materials are designed to 
serve a two -fold function, namely; as a building or wall material 
and as a sound absorber. Because of this compromise the sound 

absorbing efficiency is low. There are certain applications where the 
principal problem is to absorb sound ; there are some rooms where 
conventional materials cannot be applied to the ceiling and walls. For 
these applications the logical solution is the use of a functional sound 
absorber of relatively high absorbing efficiency. The amount of energy 
absorbed depends upon the sound pressure of the source and the 
acoustic impedance of the medium and the absorber. The acoustic 
impedance of the medium and the absorber are controlled by the design 
of the absorber. This suggests that it should be possible to obtain high 
absorbing efficiency by appropriate design. A study has been made of 
this problem and a functional sound absorber of high efficiency has 
been developed. It is the purpose of this paper to describe this func- 
tional sound absorber and discuss its high efficiency. 

THEORY OF THE FUNCTIONAL SOUND ABSORBER 

In an acoustical system, acoustic resistance is the element responsi- 
ble for the dissipation of energy. Accordingly, the absorption of sound 
requires an acoustic resistance. An acoustic resistance in which the 

* Decimal classification: R800 (5.`-.4). 
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acoustical energy is transformed into heat energy seems to be the most 
direct. When air, either alternating or direct, is forced through small 
narrow passages, the acoustical energy is converted into heat energy 
due to the high viscosity of air when it is forced through such passages. 
Thus any material with narrow passages, such as wood, mineral or 
metal fibers, cloth, felt, laminations of paper, fiber or metal and the 
like, forms an acoustic resistance. In some of the materials additional 
acoustic resistance is introduced by bending, flexing, shearing and 
rubbing of the vibrating fibers due to the passage of sound. By appro- 
priate processing, practically any desired value of acoustic resistance 
can be obtained from any of the above materials. 

Conventional acoustic absorbing materials are employed as a wall 

rAG 

INCIDENT SOUND 

ABSORBING 
MATERIAL rAG 

A 

ACOUSTIC CIRCUIT 

INCIDENT SOUND B 

ACOUSTIC CIRCUIT 

Fig. 1 -(A) In conventional materials placed on the boundaries of the room, 
the incident sound wave is essentially plane. In the acoustic circuit: p = 
free field sound pressure; rAw = characteristic acoustic resistance of air; 
and ZA = acoustic impedance of the material. (B) In the unit sound 
absorber, the incident sound wave is not plane but flows into the material. 
In the acoustic circuit: P(f) =generator sound pressure (The generator 
sound pressure is a function of the frequency and the characteristics of the 
absorber) ; r., = acoustic resistance of the generator; MG = inertance of 
the generator; ZAC = rAG + jWMG; and Z = acoustic impedance of the 

absorber. 

covering on the boundaries of the room. The absorbing mechanism 
may be depicted by an acoustic network with lumped constants. A 

consideration of the acoustic circuit of Figure 1 (A) shows that the 
maximum absorption occurs when the acoustic impedance, ZA, of the 

r 
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material is an acoustic resistance equal to the characteristic acoustic 
resistance, TAG, of air. Under these conditions, the absorption of sound 
is 100 per cent. In the case of the absorbing wall the maximum effi- 
ciency that can be obtained is 100 per cent because the ratio of the area 
of the wavefront to area of the wall is unity. In most practical mate- 
rials, 100 per cent absorption is not attainable because a material with 
high absorption characteristics is not suitable as a wall material and 
the average absorption is usually about 70 per cent. To increase the 
absorption beyond 100 per cent, requires a reduction in the value of 
the generator impedance. This can be accomplished by the use of 
diffraction as shown in Figure 1 (B) . For this condition, the value of 
the source impedance, ZAG, can be made very small. A consideration 
of the acoustic circuit shows that an appropriate value for the absorp- 
tion impedance, ZA, will yield an absorption coefficient which is more 
than unity. In the case of diffraction, the absorption may be more than 
100 per cent because the ratio of the effective area of the wavefront 
absorbed to the area of the absorber may be more than unity. The 
above lumped constant theory applies in the region in which the dimen- 
sions of the absorber are small compared to the wave length. 

DESIGN OF THE FUNCTIONAL SOUND ABSORBER 

The preceding section indicates that the efficiency of sound absorp- 
tion may be increased by the use of a unit type sound absorber. The 
problem is to develop a practical functional sound absorber. In this 
connection, low cost is one of the prime considerations. This in turn 
means a simple manufacturing process coupled with a minimum amount 
of raw material. The functional sound absorber may be built in several 
different ways as shown in Figure 2. In (A), a single shell of acoustic 
resistance, TAM, encloses a volume constituting the acoustic capacitance 
CAC. In (B), a shell of acoustic resistance x.4711 encloses a second shell 
of acoustic resistance TAM°, the two resulting volumes being the acoustic 
capacitances C,1,,1 and CA,. In (C), the material is homogeneous and 
may be represented as a large number of acoustic resistances, rÁ311 - 
rAMN, and acoustic capacitances CAC1 - CA('V. A consideration of the 
acoustic networks of Figure 2 shows that the material will be used 
at the maximum efficiency if the acoustic resistance is in the form of 
a single shell as shown in Figure 2(A). A photograph of a single shell 
type conical functional sound absorber is shown in Figure 3. The 
conical shape was chosen because it was comparatively easy to build 
and test. From the standpoint of absorption alone, a spherical shape 
would be slightly superior. The acoustic network of the conical func- 
tional sound absorber is shown in Figure 4. It will be noted that there 
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ACOUSTIC CIRCUIT 
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ZA- TCACI CAC2 

ACOUSTIC NETWORK 

TAMI rAM2 rAM3 rAM4 TAM5 rAMN 

TACITAC21"AClTAC41`ACS TACN 

ACOUSTIC NETWORK 

Fig. 2- Functional sound absorbers: (A) Single shell of acoustic material. 
In the acoustic circuit: ZA = acoustic impedance of the absorber; ram = 
acoustic resistance of the absorber; and CAC = acoustic capacitance of the 
volume within the shell. (B) Two shells of acoustic material, one within 
the other. In the acoustic network: rAMi = acoustic resistance of the outer 
shell; rAM2 = acoustic resistance of the inner shell; C AC1 = acoustic capaci- 
tance of the volume between the shells; and CAC2 = acoustic capacitance of 
the volume of the inner shell. (C) A homogeneous material. In the acoustic 

network: rAMi - rAMN = distributed acoustic resistance; and 
0401- CACN = distributed acoustic capacitance. 

Fig. 3- Single shell functional sound absorber. 
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are two types of acoustic resistance, namely, viscous and mechanical. 
The acoustic resistance due to viscosity plays the most important role 
in absorption of sound in the functional sound absorber of the type 
shown in Figure 3. 

MEASUREMENTS 

One of the important characteristics of a sound absorbing material 
is the direct -current acoustic resistance. The direct -current acoustic 
resistance r i, can be obtained from the volume current and the pres- 
sure as follows: 

rAMI MMI 

rAM2 MM2CAM 

rACMc 

P 
ram = - 

U 

ACOUSTIC 
MATERIAL 

SECTION A -A 

rAMI MMI ... _ //CJi1\ 

,,{7'M)c', 

VVVii/ 
J/(j(Tti 

rAM2 MM2 
CAM v -,,, 

I I 

P(1) 

ACOUSTIC NETWORK 

(1) 

Fig. 4- Single shell functional sound absorber. In the acoustic network: 
p= free field sound pressure; P(f) = generator sound pressure; rAO = 
acoustic resistance of the generator; Ma = inertance of the generator; 
rAMi = acoustic resistance due to flow through the material; M.,,i = inertance 
due to flow through the material; rAM2 = acoustic resistance due to the 
mechanical resistance of the acoustic material; MM2 = inertance due to the 
mass of the acoustic material; CAM = acoustic capacitance due to the com- 
pliance of the acoustic material; and CAC = acoustic capacitance of the 

cavity within the shell of acoustic material. 
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where p = difference in pressure between the surfaces of the material, 
in dynes per square centimeter, and 

U = volume current through the material, in cubic centimeters 
per second. 

Apparatus) for measuring direct -current acoustic resistance is 
shown in Figure 5. The difference in pressure between the two sides 
of the acoustic material is measured by an inclined manometer. Water 
is syphoned out of the large flask at a constant rate. The volume 
current or rate of change of volume displacement can be obtained from 
the volume displacement and the time. 

The acoustic impedance is another important characteristic of 
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WATER 

THROTTLE 
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Fig. 5- Schematic of the apparatus for measuring the direct- current 
acoustic resistance of acoustic material. 

sound absorbing material. The use of an acoustic tube for measuring 
the acoustic impedance of absorbing materials was first proposed by 
H. O. Taylor'. Modifications of this method have been made by many 
investigators3. A schematic of the system used for measuring acoustic 

1 L. L. Beranek, "Acoustic Impedance of Porous Materials ", Jour. 
Acous. Soc. of Amer., Vol. 13, No. 3, pp. 248 -260, January, 1942. 

2 H. O. Taylor, "A Direct Method of Finding the Value of Materials 
as Sound Absorbers ", Phys. Rev., Vol. II, No. 4, pp. 270 -287, October, 1913. 

3 H. J. Sabine, "Notes on Acoustic Impedance Measurement ", Jour. 
Acous. Soc. of Amer., Vol. 14, No. 2, pp. 143 -150, October, 1942. 
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impedance in these experiments is shown in Figure 6. The absorption 
coefficient is given by 

4MN 
a = 

(M +N)2 

a=1-K2 

(2) 

(3) 

where M and N= maximum and minimum sound pressure in the 
standing wave system, and 

K = pressure reflection coefficient. 

SCALE 
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_FLEXIBLE 
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MATERIAL 
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AMPLIFIER 
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Fig. 6- Schematic of the apparatus for measuring the acoustic 
impedance of acoustic materials. 

The acoustic resistance and reactance per unit area is given by, 

r_, _ 
1 --K2 

27-, D1 
1 + K2 + 2K cos 1 

D2 

27r D1 
2K sin 

D2 

XA= pc 
27r Dl 

1 + K2 + 2K cos 
D2 

pC (4) 

(5) 

where D1= distance from the surface of the material to the first 
pressure minimum, in centimeters, 
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D2 = distance between first and second pressure minima, in 
centimeters, 

c = velocity of sound in air, in centimeters per second, and 

p = density of air, in grams per cubic centimeter. 

Measurement of the absorption in a reverberation chamber is the 

classical method for obtaining the performance of a material under 

field conditions. A schematic of the apparatus for measuring the 

reverberation time is shown in Figure 7. The trace of sound decay is 

depicted on a cathode -ray tube with a persistence image screen. Decay 

is observed over a range of 48 decibels. A transparent time scale over 

the front of the tube is used to read the reverberation time. The decay 

sequence is repeated every nine seconds. The beat frequency oscillator 

is warbled to reduce the effects of standing wave systems and thereby 

obtain a smoother decay trace. As a further aid in smoothing the 

decay response, six loud speakers and six microphones are used. A 

photograph of the reverberation chamber is shown in Figure 8. The 

volume of the reverberation chamber is 3400 cubic feet. 
The total absorption', 5, a in the reverberation chamber, in sabins, is 

given by 

V 
A =.050- 

T 
(6) 

where V = volume of the chamber, in cubic feet, and 

T =time required for the sound level to decay to one -millionth 
of its original intensity, in seconds. 

The total number of sabins of absorption of any acoustical material 

may be obtained by measuring the reverberation time before and after 
the introduction of the material in the reverberation chamber. The 

total absorption of the acoustical material is the difference between 

the total absorption after and before the introduction of the material. 

The acoustic absorptivity (or absorption coefficient) of a surface 

is the ratio of the flow of sound energy into the surface on the side of 

4 W. C. Sabine, COLLECTED PAPERS IN ACOUSTICS, Harvard 
University Press, Cambridge, Mass., 1923. 

5 C. F. Eyring, "Reverberation Time in `Dead' Rooms ", Jour. Acous. 
Soc. of Amer., Vol. 1, No. 2, pp. 217 -241, January, 1930. 

a Equation 6 holds when the effective absorption coefficient of the 
chamber is small. 
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Fig. 7- Schematic of the apparatus for measuring the reverberation 
time of the reverberation chamber. 

incidence to the incident rate of flow. The sabin is a unit of equivalent 
absorption and is equal to the equivalent absorption of one square foot 

Fig. 8- Reverberation chamber. 
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of a surface with unit absorptivity. 
The absorption coefficient of the functional sound absorber was 

obtained by dividing the measured absorption in sabins by the area 
in square feet. 

230 

200 

ISO 

100 

SO 

SO 

100 

150 

r. - 

z 

U po 
sso 

o0 

000. 
S 

102 4 
e 10, 

FREQUENCY IN CYCLES PEA SECOND 
ID 

Fig. 9- Acoustic resistance, r,l, and reactance, XA, of an acoustic material 
with a low acoustic resistance. Direct -current acoustic resistance - 30 

acoustic ohms per unit area. 

ABSORBING EFFICIENCY AS A FUNCTION OF THE 

ACOUSTIC IMPEDANCE 

The acoustic impedance of three different combinations of shredded 
wood and a binder, designated as low, medium and high acoustic 
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Fig. 10- Acoustic resistance, rA, and reactance, XA, of an acoustic material 
with a medium acoustic resistance. Direct -current acoustic resistance = 92 

acoustic ohms. 

impedance materials, are shown in Figures 9, 10 and 11. The termina- 
tion for the material is a metal cone. This cone simulates the termina- 
tion in the cone absorber at the low frequencies. The direct -current 
acoustic resistance component measured by means of the apparatus of 
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Figure 5 was 30, 96 and 320 acoustic ohms per unit area for the low, 
medium and high acoustic impedance samples. This compares with 
30, 92 and 230 for the alternating- current acoustic resistance. The 
variation in acoustic resistance for the three materials covers a range 
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Fig. 11- Acoustic resistance, r,,, and reactance, X4, of an acoustic material 
with a high acoustic resistance. Direct- current acoustic resistance = 320 

acoustic ohms. 

of about nine to one, in steps of three to one. 
The absorption coefficient frequency characteristics of functional 

sound absorbers obtained from reverberation time measurements are 
shown in Figure 12. The diameter at the base of the cone of the 
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Fig. 12- Absorbing efficiency of the conical functional sound absorber as a 
function of the acoustic impedance. 1. Acoustic material with low acoustic 
resistance (Fig. 9). 2. Acoustic material with medium acoustic resistance 
(Fig. 10). 3. Acoustic material with high acoustic resistance (Fig. 11). 

absorber is fourteen inches. In these tests twelve absorbers of each 
type were used. Two absorbers were placed on each boundary of the 
chamber. The absorption coefficient was obtained by dividing the 
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absorption in sabins per absorber by the area of the absorber in square 
feet. As would be expected from a consideration of the acoustic circuit, 
the absorption efficiency for the material with a high acoustic resist- 
ance is inferior to the materials with medium and low acoustic im- 
pedances. Comparing the absorbing efficiency of materials with 
medium and low acoustic impedances there is not enough difference 
to be of any practical significance. However, it was felt that the 
absorption coefficient frequency characteristic of the material with 
medium acoustic impedance was the most suitable. Therefore, this 
material was used in the remainder of the tests. 

ABSORBING EFFICIENCY AS A FUNCTION OF SIZE 

The generator acoustic impedance and the absorber acoustic im- 

Fig. 13 -Four different sizes of conical functional sound absorbers 
(7 -, 10 -, 14- and 21 -inch cone bases.) 

pedance depend upon the dimensions of the functional sound absorber. 
The absorption coefficient frequency characteristic, of four sizes of 
functional sound absorbers shown in Figure 13, were obtained from 
reverberation time measurements. The absorption coefficient frequency 
characteristics as a function of size are shown in Figure 14. These 
results are in general agreement with the results to be expected from 
a consideration of the acoustic circuit, namely; that the efficiency of 
absorption at the high frequencies will increase with a decrease in the 
dimensions of the absorber, and that the efficiency at the lower fre- 
quencies, where the acoustic reactance due to the acoustic capacitance 
plays an important part, will increase with an increase in the dimen- 
sions. 
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DIFFRACTION AND ABSORBING EFFICIENCY 

It is apparent from the preceding tests that the high absorbing 
efficiency is due to diffraction. To test the effect of diffraction, the 
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Fig. 14 -The absorbing efficiency of the conical functional 
sound absorber as a function of size. The dimension refers to 

the diameter at the base of the cone. 

material used in the absorber wall was nailed to strips which spaced 
the material two and one half inches from the floor. The area used was 
seventy -two square feet. In the next test forty -nine cones, fourteen 
inches in diameter at the base, were placed edge to edge on the floor 
in a pattern seven by seven. These results are practically the same as 
that of the flat material. Following this, twenty -four cones were spaced 
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Fig. 15- Diffraction and absorbing efficiency. 1. Seventy -two square feet of 
absorber material in flat form spaced two and one half inches from floor. 
2. Forty -nine fourteen -inch cones spaced edge to edge with the base resting 
on the floor. 3. Twenty -four fourteen -inch cones spaced three feet apart on 
the floor. 4. Twelve conical, fourteen -inch functional sound absorbers, two 

on each surface of the room. 

three feet apart on the floor. The results of these three tests are com- 
pared to those obtained using twelve assembled absorbers in Figure 
15. In the mid and high frequency ranges the absorbing efficiency is 
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almost doubled due to diffraction. At the low frequencies the absorbing 
efficiency is tripled due to diffraction. 

ABSORBING EFFICIENCY AS A FUNCTION OF SHAPE 

The simple theory indicates that the difference in sound absorbing 

Fig. 16-A cubical, conical, spherical and cylindrical functional sound 
absorber all of the same volume. 

efficiency between a cubical, conical, cylindrical or spherical absorber 
should not be very great. To test the effect of shape, a cube, cylinder 
and sphere each of the same volume as the fourteen inch conical ab- 
sorber were formed by hand tools. These formed absorbers are shown 
in Figure 16. The results of absorption tests on the formed shapes are 
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Fig. 17- Absorbing efficiency of a cubical, conical, spherical and cylindrical 

functional sound absorber all of the same material and same volume. 

shown in Figure 17. The sphere exhibits the greatest efficiency. Of 
course, this is to be expected because the ratio of volume to surface 
area is the largest for the sphere. 
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ABSORBING EFFICIENCY AS A FUNCTION OF THE POSITION 

IN THE ROOM 

Position in the room influences the pressure and acoustic impedance 
of the source and as a consequence affects the absorbing efficiency. 
Figure 18 shows the absorption coefficient frequency characteristic of 
twelve absorbers under three different conditions, as follows: two on 

each surface cf the room; in three rows on the floor; and suspended 
three feet above the floor on two strings spaced two feet apart on the 
strings. Spacing from a reflecting surface reduces the efficiency in 

the midrange with no appreciable change at the low and high fre- 
quencies. 
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Fig. 18- Absorbing efficiency of a functional sound absorber as a function 
of the position in the room. 1. Twelve, two on each surface of the room. 
2. Twelve, on the floor in three rows. 3. Twelve, on two strings two feet 

apart on the strings, strings three feet from floor. 

ABSORBING EFFICIENCY AND WEIGHT OF MATERIAL 

An indication of the efficiency of sound absorption may be obtained 
from the sound absorption in sabins per pound of material. The aver- 
age absorption, in sabins per pound of material, for the frequencies 
256, 512, 1024 and 2048 for the fourteen -inch conical functional sound 
absorber and a well -known conventional wall type high acoustic im- 
pedance absorbing material made from shredded wood and a binder 
is depicted in Figure 19. The ratio of sound absorption per pound of 
material of twelve -to -one in favor of the functional sound absorber 
indicates the high efficiency of sound absorption exhibited by this 
system. 
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TYPICAL INSTALLATIONS 

Four installations of the functional sound absorber have been made 
at the laboratories. These installations were made in rooms with truss 
type ceiling structures. Employing conventional acoustical materials 
under these conditions would be very costly. In addition, the use of 
conventional acoustical materials in the ceiling would impair the sky - 
lighting arrangements. One of the installations of the functional sound 
absorber was made in the cabinet shop. This shop has a truss roof 
with a ceiling height ranging from thirteen to eighteen feet. The 
functional sound absorbers were hung at a level of ten feet, with a 
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Fig. 19- Comparison of the absorption in sabins per pound 
of material for the functional sound absorber to a typical 

conventional sound absorbing material. 

density of one in each five square feet, as shown in the photograph of 
Figure 20. The noise level was reduced more than 6 decibels by the 
installation of the functional sound absorber. Before treatment, the 
noise produced by rotary saws, band saws, hammers, planers, etc. would 
"hang on ". In addition, it was impossible to localize sound. After 
treatment the hammering and sawing seemed to be softer and subdued 
and it was possible to localize the sound and thereby discriminate 
against the offending noise. These subjective observations were ob- 
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Fig. 20- Installation of the functional sound absorber in the cabinet shop. 

tained from the personnel of the cabinet shop. Another installation 
of the functional sound absorber was made in the drafting room 
(Figure 21). This is a very long room which had very disturbing 

Fig. 21- Installation of the functional sound absorber in the drafting room. 
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echos and excessive reverberation before the installation of the func- 
tional sound absorbers. The drafting room has a truss roof with a 
ceiling height ranging from twelve to twenty feet. The functional 
sound absorbers were hung at a level of ten feet with a density of one 
in each five square feet. The echos and excessive reverberation were 
eliminated and the noise level was reduced about 6 decibels. Another 
installation was made in the blueprint room. The machinery noise in 
this location was very disturbing to the operators. The use of the 
functional sound absorber corrected the excessive noise condition. 
Another installation was made in the expeditors' office in the model 
shop. Being in the model shop this was a very noisy location. The 
principal complaints were difficulties in carrying on telephone con- 
versations and conducting conferences. The application of the func- 
tional sound absorber corrected the noise condition and made it possible 
to carry on normal office functions without difficulty. 

Another feature of importance in the application of sound absorb- 
ing material is the time and expense required for installing the 
material. The drafting room floor area is 1500 square feet. Three 
hundred functional sound absorbers were used. Three workmen, who 
had no previous experience in installing these absorbers, required only 
a little less than two days to make this installation. To apply conven- 
tional acoustical material would necessitate the construction of a ceiling 
supporting means below the steel truss structure. This would be a 
very costly procedure. In addition, the new ceiling would impair the 
skylighting and roof ventilating systems. The use of the functional 
sound absorber does not interfere with existing ventilating and light- 
ing systems. 

DISCUSSION OF RESULTS 

The experimental results outlined in this paper are in qualitative 
agreement with the performance deduced from theoretical considera- 
tions. The absorption is increased due to diffraction, the absorption 
coefficient increases at the higher frequencies with a decrease of the 
dimensions of the absorber, the absorption decreases for relatively 
large and small values of acoustic resistance, and in the case of various 
shapes the largest absorption coefficient is obtained when the ratio of 
surface area to volume is a minimum. The qualitative agreement with 
theory does not mean that the functional sound absorber is in quanti- 
tative agreement with theory. For example, the average experimental 
absorption coefficient as outlined in this paper is 1.4, whereas, from 
theoretical considerations, sound absorbers of this type should exhibit 
more than this measured value. Some of this discrepancy may be 
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attributed to measurements. It appears that there is a wide -open field 
for improvement in the existing functional sound absorber, in spite of 
the fact that it is many times more efficient than existing materials. 
Conventional sound materials have been in the process of research and 
development for two decades and there is little hope for improvement 
in efficiency because the difference between theoretically possible values 
and the actual results are very small. On the other hand, the functional 
sound absorber is a new and revolutionary idea in the field of sound 
absorption and the possibilities of improvement in efficiency beyond 
that already obtained and discussed in this paper are tremendous. 
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Summary- During frequency- modulated radio broadcasting the signal is liable 
to be badly distorted whenever multipath transmission occurs or when any other inter- 
fering signal is present on the same or an adjacent channel. During hot weather, or 

before a storm, long -distance reception has been observed from frequency modulation 
broadcast stations on the i2 -50 megacycle band. When such a distant station was in the 

same channel as a desired station, it sometimes happened that for short intervals the 

undesired station became stronger than the desired one. When this happened there was 

a small amount of noise and the programs suddenly changed. This interchange often 
lasted for several seconds but sometimes was limited to a word or two or a few notes 
of music. 

Formulas are given for computing the amplitudes of the harmonics and cross - 
modulation frequencies produced by the interference. These enable the calculation of 
the effect of a de- emphasis network following the discriminator, of a low -pass audio 
filter, and of nonlinear phase shift in the amplifiers. 

INTRODUCTION 

FOR 
several years it has been evident that frequency -modulated 

radio broadcasting offers certain advantages in noise reduction 
when compared with the usual amplitude -modulation systems. 

Many papers describe and discuss frequency modulation systems and 
their noise -suppressing properties.1 -8 Extensive field tests showed9 that 

* Decimal Classification: R148.2 X R430. 
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I.R.E., Vol. 25, No. 4, pp. 472 -514; April, 1937. 

3 H. Roder, "Noise in Frequency Modulation," Electronics, Vol. 10, No. 5, 
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No. 8, pp. 37 -42; August, 1941. 
6 Harold A. Wheeler, "Common- Channel Interference Between Two Fre- 
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(See opposite page for References 7, 8 and 9.) 
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when frequency modulation was used there was less interference produced 
by two stations operating at the same frequency than for the correspond- 
ing case of amplitude modulation, and that less power was required to 
cover a given area. It was also found that when the ratio of the carrier 
voltage to the noise voltage is high, the signal -to -noise ratio improvement 
due to frequency modulation is considerable. As the interfering noise 
voltage is increased with respect to the desired carrier -wave voltage, 
the improved noise suppression is obtained as long as the desired signal 
is several times as strong as the noise. 

When a definite carrier -to -noise voltage ratio is reached (a ratio of 2 or 3 
for wide -band frequency modulation) the amount of distortion in the 
audio output increases rapidly. When the noise voltage exceeds the signal 
voltage during all parts of the audio cycle, the noise eliminates the desired 
signal. This means that when frequency modulation is used the signal is 
either good or bad; there is only a small range for the ratio of carrier 
voltage to noise voltage that gives a noisy, but tolerable, signal. 

Multipath transmission occurs when two or more interfering signals 
come from the same transmitter, but one is delayed with respect to the 
others because of a longer transmission path. Considerable distortion has 
been observed when multipath transmission occurs in frequency -modu- 
lated broadcasting and fairly complete discussions of this problem are 
available.10_13 If the second wave comes from a different station than 
the desired wave, the result is common- or adjacent -channel interference 
according to whether the two carrier frequencies are nearly the same or 
are separated by the width of one channel. 

There is not much information available on the amount of interference 
to be expected in the new frequency modulation band. The effects to be 
described were observed on the old 42 -50 megacycle band and on the 
30 -42 megacycle police bands. The frequency of occurrence and the 
magnitude of these effects will not be known for the new 88 -108 mega- 
cycle band until a reasonable number of transmitters with normal power 
and antenna gains are in operation. If such interference does occur, the 
analysis given here will be applicable. 

Herbert J. Reich, "Interference Suppression in A -M and F -M," Communi- cations, Vol. 22, No. 8, pp. 7, 16, 19, 20; August, 1942. 
Robert N. Johnson, "Interference in F -M Receivers," Electronics, Vol. 18, No. 9, pp. 129 -131; September, 1945. 

e I. R. Weir, `Field Tests of Frequency- and Amplitude -Modulation With Ultra- High- Frequency Waves," Gen. Elec. Rev., Vol. 42, Nos. 5 and 6, pp. 188- 
191, May, 1939; pp. 270 -273, June, 1939. 

1° Murray G. Crosby, "Observations of Frequency -Modulation Propagation 
on 26 Megacycles," Proc. I.R.E., Vol. 29, No. 7, pp. 398 -403; July, 1941. " A. D. Mayo and Charles W. Sumner, "F.M. Distortion in Mountainous Terrain," Q.S.T., Vol. 28, No. 3, pp. 34 -36; March, 1944. 

12 Murlan S. Corrington, "Frequency- Modulation Distortion Caused by Multipath Transmission," Proc. I.R.E., Vol. 33, No. 12, pp. 878 -891; Dec., 1945. 
13 S. T. Meyers, "Nonlinearity in frequency -modulation radio systems due to multipath propagation," Proc. I.R.E., Vol. 34, No. 5, pp. 256 -265; May, 1946. 



524 RCA REVIEW 

Sometimes during hot weather, or before a storm, long- distance trans- 
mission has been observed from frequency modulation broadcast stations. 
During the summer of 1944, station WSM -FM in Nashville, Tenn. was 

heard often in Camden, New Jersey. During July it was very strong 

and free of noise for nine evenings in succession and it was heard several 

other evenings. Occasionally, long- distance reception from stations in all 

directions was observed. On July 7, 1944 nearly all the mid- western 

stations and several from other directions could be received in Camden, 

for about 2 hours with a standard commercial receiver and indoors 

antenna. The following list of stations received was compiled that even- 

ing: 
Call 

WWZR 
WGNB 
WBBM -FM 
WDLM 
WSBF 
WMLL 
WENA 
WMFM 
WSM -FM 

WMIT 
WMTW 
W2XMN 
WHNF 
WBAM 
WABC-FM 
WABF 
WIP-FM 

Station 

Zenith Radio Corp., Chicago 
WGN, Inc., Chicago 
Columbia Broadcasting System, Chicago 
Moody Bible Institute, Chicago 
South Bend Tribune, South Bend, Ind. 
Evansville on the Air, Evansville, Indiana 
Evening News Assn., Detroit 
The Journal Company, Milwaukee, Wisconsin 
National Life & Accident Ins. Co., 

Nashville, Tenn. 
Gordon Gray, Winston -Salem, N. C. 

Yankee Network, Mt. Washington, N. H. 
Edwin H. Armstrong, New York 
Marcus Loew Booking Agency, New York 
Bamberger Broadcasting Service, New York 
Columbia Broadcasting System, New York 
Metropolitan Television, Inc., New York 
Pennsylvania Broadcasting Co., Philadelphia 

Megacycles 

45.1 
45.9 
46.7 
47.5 
47.1 
44.5 
44.5 
45.4 

44.7 
44.1 
43.9 
43.1 
46.3 
47.1 
46.7 
47.5 
44.9 

Some interesting common -channel phenomena were observed. Stations 

WENA, Detroit, and WMLL, Evansville, were of nearly equal strength. 
First one, and then the other was received; they changed about every 

fifteen seconds. There would be a slight amount of noise and the programs 
would suddenly be interchanged. This continued for about one -half hour. 

Sometimes the carrier -wave voltage levels dropped below the level at 
which the limiter in the receiver operated and both programs could be 

heard simultaneously. 
Stations WSBF, South Bend, and WBAM, New York, were also in a 

common channel. WSBF was stronger and was clear most of the time; 

WBAM would come in with sudden bursts of a word or two or a bit of 

music as station WSBF faded rapidly. These bursts occurred at intervals 
of about ten seconds. 
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Some of the state police frequency -modulation systems have reported 
serious skip interference on numerous occasions. In Missouri, on the 
talk -back frequency of 39.78 megacycles, the interfering signals are usually 
those of the New Jersey State Police and the North Carolina Highway 
Patrol Cars, although cars of the Ohio State Patrol and those of Rhode 
Island occasionally cause interference. The signal strengths of the un- 
desired stations are greatest during May, June, and July and range 
from weak to strong. The strong signals are of sufficient intensity to 
swamp out the local cars and may be received for an hour or two or for 
the whole day, from about two hours after sunrise to an hour or so after 
sunset. 

The Florida State Patrol have reported considerable interference on 
frequency modulation from stations in California, New Jersey, Connecticut, 
and Massachusetts, and they have made car -to -car contacts with Pitts- 
field, Massachusetts. The Michigan State Police reported that signals 
from the Alabama State Patrol stations were received by their patrol cars 
with signal levels at the input to the receiver as high as 300 microvolts, 
and these stations in Alabama have taken control of their receivers 
throughout Michigan for hours at a time. 

The Indiana State Police have had their cars blocked out by stations 
in Virginia and Oklahoma for all cars more than three miles from the trans- 
mitter. During the hunt for escaped German war prisoners near Carlisle, 
Indiana, on June 10th, the interference was so bad they had considerable 
difficulty maintaining contact with their cars. On June 22nd, during a 
man -hunt and road blockade following a bank holdup at San Pierce, 
Indiana, cars were completely blocked out at various times by cars in 
Virginia and Massachusetts. Further disruption of service was caused 
many afternoons by the second harmonic of short -wave broadcast stations 
in Massachusetts and New York. 

Recent observations by the Federal Communications Commission 
show that such bursts or sudden increases in strength of signals received 
beyond the line of sight occur regularly.' 4 -1 The long- distance transmis- 
sion that occurs during such bursts can be interpreted as reflections from 
media of height comparable to the E layer, but lying at each side of the 
great -circle plane. It is assumed that when meteors pass through the 
upper atmosphere, the air is ionized and this causes the bursts. 

If a local station is on the same channel as a distant one which is being 
received in bursts, interference may be expected to occur for intervals as 

14 "Measurement of V -H -F Bursts," Electronics, Vol. 18, No. 1, p. 105; 
January, 1945. 

15 K. A. Norton and E. W. Allen, Jr., "Very- High -Frequency and Ultra - 
High- Frequency Signal Ranges as Limited by Noise and Co- Channel Interfer- 
ence," Proc. I.R.E., Vol. 33, No. 1, p. 58; January, 1945. 
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long as several seconds. This might even cause the program to change 
suddenly from one station to the other during these short intervals. 

ANALYSIS OF FUNDAMENTAL CASE 

The most elementary case of frequency modulation interference is that 
produced when two unmodulated radio -frequency carriers, having nearly 
the same frequency, are added together. This gives the usual heterodyne 
envelope as the two voltages beat together. In addition there is a varia- 
tion in the phase of the resultant which is equivalent to frequency modu- 
lation. If the difference in frequency of the two carriers is now varied 
sinusoidally by changing the frequency of one, keeping the two amplitudes 
constant, the result is common -channel interference or adjacent -channel 
interference, depending upon the way the one frequency is varied. It is 
thus evident that, if the most elementary case is properly analyzed, the 
frequency modulation interference is merely a generalization of the 
results. 

Heterodyne Envelope 

As shown in Appendix I, if two radio -frequency carriers e 1 sin cot and 
e, sin (6) + 27na)t are added, the heterodyne envelope is given by 

Envelope = e, /1 + x2 + 2x cos 27rµt (1) 
where 

e = amplitude of first carrier 
= amplitude of second carrier 

x = e, /e, 
co = angular frequency of first carrier, radians per second 

= difference in frequency, cycles per second 

This is the voltage that will be obtained if the resultant signal is sent 
through a linear rectifier and filtered. Figure 1 shows the variation of the 
envelope over one beat -note cycle as the ratio of the amplitudes of the 
two signals, x, is changed. For small values of x the envelope is approxi- 
mately, 

Envelope = e,(1 + x cos 27r0) x«1 (2) 

As the ratio x is increased gradually, the higher harmonics increase in 
amplitude; so the peaks become broader and the hole in the carrier be- 
comes deeper and narrower. In the limit, as x -1, the envelope becomes 
a series of rectified cosine waves, or: 

Envelope = 2e cos 7rat x= 1 (3) 

Average Value of Envelope. If the resultant heterodyne voltage is sent 
through a linear rectifier, the direct -current voltage across the rectifier 

'output increases gradually as x is increased. Figure 2 shows that this 
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voltage increases 27.3 per cent when x changes from zero to one. As shown 
in Appendix I, this voltage is given by: 

Average voltage - 2(1 x)e, 
E 1 + x (4) 

where E i + x is a complete elliptic integral of the second kind with 

modulus 
1 x. 

Root -Mean -Square Value of Envelope. If a square -law rectifier instead of a 
linear rectifier is used, the root -mean -square value of the rectified envelope 
can be read with an average -reading direct -current voltmeter. The root - 
mean- square voltage will increase more rapidly with x than the average 

2Y, 

Fig. 1 -The heterodyne envelope. 

.310 

0 01 02 03 04 05 06 07 OB 09 
X --- 

Fig. 2- Harmonic content of the 
heterodyne envelope. 

voltage, as shown by Figure 2. The voltage is given by: 

Root -mean -square voltage = e,11 + x2 (5) 

and it increases 41.4 per cent when x increases from zero to one. 

Fourier -Series Analysis of Envelope. If the heterodyne envelope is rectified 
with a linear rectifier, and the radio frequency is filtered out, the resultant 
audio signal (shown by Figure 1) can be expanded in a Fourier series. 
The coefficients of this series are given in Appendix I and the zero -fre- 
quency component is the same as the average value which is shown by 
Figure 2. The fundamental component increases almost linearly with 
increasing x to a maximum value of ?3 of the corresponding direct current 
voltage. The second harmonic increases slowly until it equals 20 per cent 
of the fundamental when x = 1, and the third harmonic has a maximum 
value of 8.6 per cent of the fundamental. 
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Phase -Angle Variations 

The two signals e, sin wt and e2 sin (w + 27r4t are in phase when t = 0. 
Since the frequency of the second signal is higher than the frequency of the 
first signal, this means that a vector representing e 2 will rotate with respect 
to one representing e,. If e, is a vector rotating at w radians per second, 
then e2 will rotate at w + 27ri7. radians per second. 

Figure 3 shows the variation of the phase angle cp which the resultant, 
R, of e, and e2 makes at any given instant with the vector e,. When 
t = 0, the two vectors are in phase and 9 = 0. At a later time 27ru.t = 
90 degrees, so e2 and e, are at right angles and tan ,p = e2 /e, = x. When 
27ri7.t = 180 degrees, r is again zero. This process gives the variations in 

cp shown by Figure 4. The maximum value of p is equal to sin -' x, as shown 

e, , 

2,./t =0° 2,.µt 900 

2,.µt 180° 2wµ 270° 
Fig. 3- Variations of the phase angle. 

' e22 f 
\. 

t R I `I 
I , 

el i 
y. _i 

Fig. 6-Variations of cp. 

Fig. 4- Phase -angle variations. 

sin 4)= =X 

Fig. 5- Maximum value of So. 

by Figure 5. As x approaches one, the angle y varies more and more 
rapidly near 27r ¡J.t = 180 degrees. When e, = e, or x = 1, ç increases . 
linearly from zero to 90 degrees as e 2 turns through 180 degrees. 

As shown by Figure 6, 4 is then an inscribed angle, and since an 
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inscribed angle is measured by one -half its intercepted arc, increases 
linearly when e, turns uniformly. As e, approaches cancellation of e,, R 
is an infinitesimal vector and + 90 degrees. As e, swings past can- 
cellation, the direction of R suddenly reverses so ç = -90 degrees; i. e., 
there is an instantaneous change of 9 equal to 180 degrees. Beyond that 
point y, increases linearly toward 0 degrees, as shown by Figure 4. 

Instantaneous Frequency 

The output from a linear discriminator is proportional to the instan- 
taneous frequency, where the instantaneous frequency is defined by :16 

1 d 
f 27r dt (argument of sine function). (6) 

OUTPUT 
N 

x=1 

TT/2 3TV2 2Tr' 
2TrNt 

X=0.2 

X=0.7 

X=0.9 

5 

6 

-7 

r8 

-9 

-10 

Fig. 7 -Audio output, x < 1. 

For a balanced linear discriminator, tuned to frequency c. , the output 
is proportional to the deviation in frequency from the center frequency c.,. 

As shown in Appendix I, the output is given by 

Output « 
cos 27r:.í + 1/x 

cos 27r1.11 + x + 1 

Obviously this output is proportional to the slope of the curves of 
Figure 4, since it represents the first derivative with respect to time. 

The curves of Figure 7 show the wave form in the audio output from 

(7) 

!6 J. R. Carson, "Notes on the Theory of Modulation," Proc. I.R.E., Vol, 
10, No. 2, p. 57; February, 1922. 
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a frequency modulation receiver, with perfect limiting and linear phase 
shift in the tuned circuits. As x approaches one, the output becomes more 
and more like an impulse, until at x = 1, the output has the constant value 
one -half except when 27r0.í = 7; here the output becomes infinite. The area 
between the line one -half unit above the time axis and the curve for the 
instantaneous frequency over one cycle is constant for all values of x and 
equals -7rµ. This means that as x - 1 the output is constant except at 
27rµí = 7r and at that point is an impulse equal to 7rp. times a unit -impulse 
function. 

When x becomes greater than one, the polarity of the impulse changes, 
but the shape is the same, as shown by Figure 8. 

ó 1112 

OUTPUT 
N 

-12 

II 

10 

9 

8 

7 

X=1.5 

X=2 

x=I , 

311/2, t7*` 

2111Jt - 
Fig. 8 -Audio output, x > 1. 

Average Value of Instantaneous Frequency. If the discriminator is tuned 
to the frequency co, the average audio output is zero when x < 1. As 
shown in Appendix I, the average output is proportional to µ when x >1. 
The curves of Figure 8 show this shift in average value when e, becomes 
stronger than e, and takes control. 

Root-Mean-Square Value of Instantaneous Frequency. If the audio output 
from the discriminator is measured with an root -mean- square meter, the 
readings will vary as shown by Figure 9. The output increases uniformly 
from zero when x = 0 until it rapidly approaches infinity when x 11. 
When v > 1 the output decreases uniformly to one as x becomes large. 
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3 
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FUNDAMENTAL 

0 

FUNDAMENTAL 
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X 9- Root -mean -square voltage output. 

As shown in Appendix I: 

Root -mean -square output « 
xu 

-V2(1- x2) 

2x2 - 1 - µ 2(x2 - 1) 

when x<1 (8) 

when x>1. (9) 

8 

6 

4 

2 

0 

[OUTPUT (*r) - OUTPUT (0)] 
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4 

6 

o 

10 

QI 02 03 Q4 Q5 Q6Q7Q8 I 2 3 

Fig. 10- Peak -to -peak audio output. 

4 5 6 7 8 
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Peak -to -Peak Value of Instantaneous Frequency. The output when 
274 = 7r minus the output at 27rit = 0 gives the peak -to -peak value of 

the instantaneous frequency. This is given by: 

Output (7r) - Output (0) = 2r`ß (101 
.r 2 - 1 

The curves of Figure 10 show how the peak -to -peak output varies as x 

increases. When x = 1, the peak -to -peak output becomes infinite, and 
it decreases uniformly beyond this point. 

Harmonic Analysis of Instantaneous Frequency. If the harmonic content 
of the audio output is calculated by means of a Fourier -series analysis, 
the result can be expressed as: 

1.0 

0.6 

Q6 

_ 0.4 

02 

o 

02 
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08 

Ob 
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MENNEN EN= EN E.r® 
NEEMEEINE 
INIENIMNIEN \E\EI EE.. ENE 

I.0 NENIE, 
x-- 

Fig. 11- Harmonic content of audio output. 

10 

Output a - ça. (- x)" cos n(27rp.t). (11) 
7L =1 

This means that the nth harmonic amplitude is proportional to i.x ". 

Figure 11 shows the increase of the harmonic amplitudes with increasing 

x for the first five harmonics. For small values of x, the higher harmonics 

are much smaller than the fundamental; but as x approaches one, the 

higher harmonics increase rapidly, until at x = 1 all harmonics are equal. 

Effect of Limited Band Width. If the audio output from the discriminator 
is sent through a low -pass filter, having approximately linear phase- shift, 

the resultant wave form will depend upon how many harmonics are passed 

by the filter. In Figure 12, the case of x = 0.9 is shown for various low - 

pass filters. The case n = 1 means that only one harmonic, the funda- 

mental, is passed by the filter. If two harmonics are passed, n = 2, the 

center begins to dip more because both harmonics are in phase at that 
point, The cases for n = 3 and n = 5 are also shown. The effect, there- 
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OUTPUT 

Fig. 12 -Effect of low -pass filter. 

2npt 

fore, of limited band width is to reduce the output at 2ir'.t = 7r and to 
cause the resulting wave to oscillate about the curve that would be ob- 
tained with unlimited band width. For the case when n = 5, the peak 
output is reduced from 9.0 to 3.69, or the output becomes 41 per cent of that 
for unlimited band width. The curves of Figure 13 show the effect of limited 
band width. The variable on the axis of abscissas shows the number of 
harmonics passed by the low -pass filter, and the other axis shows the 
percent of peak amplitude compared to that for unlimited band width. 
Thus, if x = 0.9 and 10 harmonics are passed by the filter, the peak output 
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Fig. 13 -Effect of limited band width. 
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will be approximately 65 per cent of what it would be if all harmonics were 

passed. If x = 0.5, it is evident that five or six harmonics will give nearly 
undistorted output. 

As shown by Appendix I, this ratio of the peak output to the corre- 
sponding peak for unlimited band width is equal to 1 - xn where n is the 
number of harmonics passed. 

COMMON- AND ADJACENT- CHANNEL INTERFERENCE 

The simplest case of frequency modulation interference (that of two 

n 

il 

Fig. 14- Variation of distortion as interfering signal becomes stronger. 

unmodulated carriers of slightly different frequency) has already been 

discussed. If now the amplitudes of the two waves are kept constant, but 
the frequency of one carrier is changed, the problem becomes one of 

common- or adjacent- channel interference depending upon what range of 

frequencies the swings of the modulated carrier cover. If the deviations 

of the one wave are about a mean frequency which coincides with the 
frequency of the second carrier, the result is common -channel interference. 

If the mean frequencies are separated by the width of one channel, the 
result will be adjacent -channel interference. 
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Common -Channel Interference, Interfering Signal Unmodulated. If a 
frequency -modulated signal and an unmodulated carrier produce the 
beat -note interference, the output from a frequency -modulation receiver 
with limiter will be as shown by Figure 14. This shows the wave form for 
the various ratios of the interfering signal voltage x. When x = 0 (i.e., no 
interference) the output is an undistorted cosine wave, as shown by the 
dotted line. As the interference increases, the peaks and dips increase in 
size, until finally, in the limit, they become very narrow pulses superim- 
posed on a cosine wave of one -half the amplitude obtained with no inter- 
ference. 

As x becomes greater than one, the interfering signal takes control and 
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Fig. 15 Variation of distortion as interfering signal becomes stronger. 

the modulation of the desired signal is suppressed. Figure 15 shows how 
the peaks and dips in output decrease when x increases from one to in- 
finity. The envelope of the carrier amplitude corresponding to Figures 
14 and 15 is shown by Figure 16. There is one cancellation or hole in the 
carrier amplitude corresponding to each peak or dip in the output, since 
the rapid phase change which occurs at cancellation produces the large 
frequency deviation. If the limiter is not able to maintain a constant 
voltage input to the discriminator, the amplitude variations of the carrier 
will cause a reduction in the peaks in the output. 

Envelope of Beat -note Pattern. As shown in Appendix II, the beat -note 
produced in the output of a receiver with a perfect limiter during common - 
channel interference is a series of peaks and dips which are limited by the 



538 RCA REVIEW 

Figure 19 shows how the beat -note then becomes unsymmetrical. At one 
end of the swing the two signals have nearly the same frequency and the 
beats come slowly. At the other end of the swing there is a considerable 
frequency difference and the beats are very much more rapid. The peaks 
and dips are limited by the two curves: 
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Envelope cos 2ir,lt + 

27r x } 1 

and Dx cos 2µt +27rx x 1 7r 
1 

(12) 

(13) 

Fig. 19- Common -channel interference, interfering signal detuned. 

Fourier- Series Analysis of Distorted Output. If the desired frequency 
modulated signal is: 

e, = E1 sin (wt + 
D 

sin 2ir).t) (14) 

and the interference is an unmodulated r-f carrier of angular frequency 

4 
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co + a, and phase angle 0, or: 

e, = E, sin { (to + a)t + 0} (15) 

then, as shown in Appendix II, the envelope of the resultant carrier is 
given by: 

Envelope = E, -V 1 + x2 + 2x cos ß (16) 

where: ß = 
D 

sin 2aN.t - at - O 

and the audio output is given by: 

Output = D cos 27rN.t 
D cos 27rp.t -a /2rr 
cos ß +1 /x +1 
cos ß+x (17) 

When this is expanded in a Fourier series to determine the harmonic 
and cross -modulation distortion, the audio output is given by: 

Output = D cos 2irit 

m 

+ri 1 r 
E(- x)n n- 2r Jr(nD/E1.) cos (re - nat - n0) (18) 

where E = 2ri.t, and x <1. 

This shows that the effect of the interfering signal is to produce cross 
modulation between the desired signal modulated with audio frequency 
N. and the interfering unmodulated carrier of angular frequency (.) + a. 
The amplitude of each cross -modulation frequency can be computed with 
the help of a table of Bessel functions of the first kind. 

When a = 0, (i.e., common -channel interference) the output becomes: 

Output = D cos 27r4 

+ 21). 2 (2r - 1) C(2r - 1, D /µ; x, 0) cos { (2r - 1) (27r4) } 

r =1 

00 

+ 2 E (2r) S(2r, DAL; x, 0) sin { (2r) (21r4) } (19) 
r=1 

where the C- and S- functions are defined as follows: 

GO 

X) S 

C(m, n; x, 0) = E J,,,(sn) cos so 
s=1 S 

S(m, n; x, 0) = E (-x) 
J,,,(sn) sin s0 

s=1 s 

x2<_1 

(20) 

(21) 
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To find the amplitudes of the various harmonics produced during 
common -channel interference, compute the value of the desired C- or S - 
function from equations 20 and 21, and multiply by the proper factor, 
which is shown by the above equation 19 for the audio output. A special 
table of Bessel functions has been prepared for this purpose.17 

The effect of a de- emphasis network following the discriminator, and 
of a low -pass audio filter, can be determined by computing the amplitude 
of each harmonic that falls within the working range, correcting each one 
for amplitude and phase changes in the audio amplifier and filters, and 
then recombining them by superposition. 

If the signal -noise ratio is defined as the desired audio output with 
no interfering carrier present, divided by the peak noise (i.e., the maxi- 
mum departure from the desired audio output when no interference is 

present), then, as shown by Figures 17 and 18, the signal -noise ratio is 

independent of the modulation index, but depends only on the ratio of the 
two voltages, x. This assumes a perfect limiter, adequate band width in 

the amplifiers and discriminator, and linear -phase -shift circuits. 

If a de- emphasis network and a low -pass audio filter are used, many of 

the harmonics will be attentuated or removed, and the nonlinear phase 
shift will prevent the remaining harmonics from coming into phase all at 
the same time. The peaks of noise are therefore reduced considerably. 
When the modulation index, D is large, the noise beat -note peaks come 
very rapidly. This means that the harmonics will be of high order and 
they will be reduced or removed by the audio selectivity. This accounts 
for the observed noise reduction with wide -band frequency modulation 
and shows that it is very important to use a de- emphasis network and low - 

pass filter. 

Common -Channel Interference, Both Signals Modulated. The preceding 

cases have described the interference produced by an unmodulated carrier 
on the same channel as the desired signal, and the effect of detuning the 
interfering carrier. This section is a discussion of the case when both the 

desired and undesired signals are modulated sinusoidally, and of the 
resultant distortion, which is even more complicated. 

In order to illustrate this form of interference, assume the following 

conditions: 

Di,. = 10, D2 42 = 5, D, = 4D2, ui = 2112, i = E2/E1 
For example, D1 = 60 kc, ;.1.1 = 6 kc, D2 = 15 kc, u2 = 3 kc, x = 0.5 and 
0.9 could be one set of numerical values. 

17 Murlan S. Corrington and William Miehle, "Tables of Bessel Functions 
J (x) for Large Arguments, Jour. Math. Phys., Vol. 24, No. 1, pp. 30 -50; 

Feb., 1945, 
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The heat -note envelope produced in this case is shown by Figure 20. 
The characteristic peaks and holes in the resultant carrier amplitude are 
present, but some of them are modified in shape because the two audio 
frequencies are present simultaneously. 

Near 40 degrees and again near 130 degrees the two voltages start to 
go out -of- phase, but the two vectors then begin to reverse themselves 
and only a small decrease in amplitude occurs. 

If this signal is sent through a receiver with a perfect limiter and linear 
discriminator, the resultant audio output will be as shown by Figure 21. 
Two cycles of the desired signal are shown as a dotted curve. This corre- 
sponds to one cycle of the undesired signal. As x increases toward one, the 
beat -note interference increases in amplitude until in the limit as 
the pulses become very narrow and long. If x becomes greater than one, 
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Fig. 20- Heterodyne envelope. 
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the polarity of the pulses is reversed (as shown by Figure 22) and this 
undesired signal gains control. When .r becomes very large, only the 
undesired signal is received, as shown by the dotted cosine wave of unit 
amplitude. 

The equations for the envelope and the beat -note interference are 
derived in Appendix III. If D, and D, are the two deviations and p. and 

are the corresponding audio frequencies, the envelope of the carrier is: 

Envelope = E, V1 + £2 + 2x cos ¡D, /;x, sin 27p.,t - D, /p., sin 2ap.2t} 

(22) 
and the audio output from a receiver with limiter and balanced discrimi- 
nator is: 
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The audio output is composed of a beat -note pattern which is limited 
by the two envelopes: 

and 

Envelope = 
D 

cos 27rß ,t + 
D :x 

1 +x 1 +x cos awl" 

D, 
1 - x 

cos 2ru d + D,xl 
cos 27ru,t 

(25) 

(26) 

This effect is shown by Figure 23 for the set of values given. In case 
of imperfect limiting, limited band width, or nonlinear phase shift in the 
amplifiers, these peaks will not be so long and narrow; the two envelopes 
shown represent the limits of the distortion. 
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Fig. 23- Envelope of beat -note pattern. 
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The effect of low -pass filters or other audio selectivity can be de- 
termined from a study of the harmonic content of the distortion. As 
shown in Appendix III, the audio output can be expressed as a Fourier 
series which gives the cross modulation terms produced and their ampli- 
tudes. 

Thus: Output « D, cos 2aµ,t 

(ra., - sµ,) C(r, D, l;a.,; s, D, x, 0) cos (ra - sß) (27) 
s_-00 

where a = 2apt,t, ß = 27rp. J and the generalized C- function is defined as: 

C(k, 1; m, n: x, H) = E (-x) 
s Jk(sl) J,(sn) cos s6. (28) 

,-i s 
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The amplitude of any desired combination tone can he determined by 
choosing the appropriate values of r and s and by computing the desired 
C- function. Since the C- function cannot exceed unity for a given com- 
bination tone, it is evident that if D, »., or µ2 the distortion will be re- 
duced with increasing modulation index. 

CONCLUSIONS 

Frequency -modulated radio broadcasting offers the advantage of im- 
proved noise reduction when compared with the usual amplitude- modula- 
tion systems. There is less interference between stations operating on 
the same frequency than for the corresponding case of amplitude mod- 
ulation, and less power is required to cover a given area. 

A difficulty arose occasionally in the 42 -50 megacycle frequency 
modulation band because long- distance transmission could be observed 
from frequency modulation broadcast stations during hot weather or 
before a storm. It sometimes happened that such an interfering station 
became stronger than a desired station in the same channel for short 
intervals. When this happened there was a small amount of noise and 
the programs suddenly were interchanged. This change often lasted for 
several seconds but sometimes was limited to a word or two or a few notes 
of music. If the proposed new frequency modulation stations are all 
completed, this interference may occur again. When the interfering sta- 
tion has nearly the same carrier frequency as the desired station this effect 
is called common -channel interference. If the two carrier frequencies are 
separated by the width of one channel the result is called adjacent -channel 
interference. 

The simplest case of frequency modulation interference occurs when 
two modulated carriers, having nearly the same frequency, beat together 
to produce a resultant signal. As the two voltages alternately reinforce 
and cancel each other, the result is a heterodyne envelope consisting of 

a series of broad peaks and sharp dips. Each time the two interfering 
voltages cancel each other to produce a hole in the envelope, there is a 

rapid phase shift of the resultant voltage. Since the audio output from a 

frequency -modulation receiver is proportional to the rate of change of 

the phase of this resultant, the rapid phase shift produces a distorted audio 
output, which becomes more and more like an impulse as the interfering 
carrier voltage becomes nearly equal to the desired carrier voltage. 

When the two amplitudes of the interfering voltages are kept constant 
but the frequency of one is changed, the result is common- or adjacent - 
channel interference depending upon what range of frequencies the swings 
of the modulated carrier cover. The beat -note produced by this inter- 
ference consists of a series of sharp peaks and dips of noise and issuper- 
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imposed on the desired audio output. When the modulation index is 
increased, these peaks occur more and more rapidly, and the harmonics 
produced are redistributed to higher and higher orders. If the receiver 
has sufficient band width, a perfect limiter, and a wide -band audio sys- 
tem, the signal -noise ratio does not depend on the modulation index, but 
is determined solely by the ratio of the desired signal voltage to the 
undesired signal voltage. 

Formulas are given for computing the amplitudes of the harmonics 
and cross -modulation frequencies produced by the interference. The 
effect of a de- emphasis network following the discriminator, of a low -pass 
audio filter, and of nonlinear phase -shift can be determined by computing 
the amplitude of each harmonic that falls within the working range. 
Each such harmonic is then corrected for amplitude and phase changes in 
the audio amplifier and filters, and they are then recombined by super- 
position to obtain the filtered audio output. 

When the modulation index is large, the beat -notes of the noise come 
very rapidly, and since this means that the harmonics are then of high 
order, most of the distortion will be removed by the audio selectivity. 
This accounts for the observed noise reduction with wide -band frequency 
modulation and shows that it is very important that a de- emphasis net- 
work and low -pass filter be used to obtain maximum performance. In 
order to obtain the maximum signal -noise ratio, it 's necessary to use 
some means for removing the variations in the amplitude of the resultant 
signal so that the discriminator responds to the variations in the instan- 
taneous frequency, but is not affected by amplitude variations. 

APPENDIX I. 

ANALYSIS OF FUNDAMENTAL CASE 

Let the two interfering signals be e, sin cot and e sin (w + 277-µ)t 
The resultant voltage is then: 

e, sin cot + e2 sin (c) + 2711µ)í 

= e i-V1 + x2 + 2x cos 2744 sin (cot + gip) 

where e., /e , = x and tan p - x sin 2,rµí 
1 + x cos 27rµí 

(29) 
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The instantaneous frequency becomes: 

1 _d co 1 d x sin 27rgt 
(c)t ) = -+ - - tan f 

27r dt 27r 27r dt 1 + x cos 27rlt 

(t) x cos 27rJ.t + x2 

2ir +g 1 +x2 +2x cos 27rj.t 

co 

27r + cos 27rut + 1/x 
1 

cos 27rµt + x 
(30) 

This is valid for all values of x. 

For a balanced linear discriminator, the audio output is proportional 
to: 

Output « 
cos 27r0.í + 1/x 

1 
cos 27rg.t + x 

When x«1, this is, approximately, 

Output « ix cos 27ra,t 

The instantaneous frequency can be written: 

1 cos 27r4 +1 
co x x 2 

f= -+N -g, 
1 2 

1 + -+ - cos 27r4 
x x 

(31) 

(32) 

(33) 

This means that as x goes from less than one to greater than one (i.e., 
if x is changed to 1 /x) there is an apparent change in frequency equal to i. 

and a reversal in polarity of the modulation. This means that e2 becomes 

stronger than e, and takes control. 

Average Voltage of Rectified Envelope 

The average voltage of the carrier envelope is: 

7r 

Average voltage = 1 e,- /1 + x2 + 2x cos O d0 
7r 

o 

2(1 + x) e, f 2 
, I 4x 

7r J V1 (1+x)s sin 2a 
0 

2(1 + x)e, 2 ../x 
7r 

E 
1 + x 

da 

(34) 
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where ES 
12+ x is a complete elliptic integral of the second kind with 

2 VT modulus 1 + x 

Root -Mean -Square Voltage of Rectified Envelope 

The Root -Mean -Square voltage of the rectified carrier envelope is: 

Root -Mean -Square voltage = e f 7 (1 +x2 +2x cos 0) dO 
7F 

= e vl [(1 + x2) 0+ 2x sin O J 0 

= e, -V1 + x2 (35) 

Fourier -Series Analysis of Envelope 

The envelope of the carrier is given by: 

Envelope = e, /1 + x2 + 2x cos 2irµt where x <_ 1. (36) 

Consider the expression: 

N/1 + x2 + 2x cos (3 = (1 + xe45)1(1 + xe -aa)1 

_ 1 
1 1 xeaß _ 1(1) x2e2a5 1(1) (3) x,e32p 1(1) (3) (5) 

x4e4aa+ 2 2(4) 2(4) (6) 2(4) (6) (8) 

X 11 1 xe_tp_ 1(1) 
x2e_245+ 

1(1) (3) x3e_;,i5 1(1) (3) (5) x,e_40+ 
2 2(4) 2(4) (6) 2(4) (6) (8) 

by the usual binomial series expansion.18 

Multiply these factors together, term by term, then: 

+x2 +2x cos ß= a,. +a, cos ß-+a, cos 2ß +... (38) 
where: 

(37) 

x2 x4 xe 25x8 
ao = 1+ 4+ 

64 + 256 + 16384 

x2 x4 5x6 35x8 
a l = 

8 - 64 1024 16384 

(3Q0 

(40' 

18 Edwin P. Adams, SMITHSONIAN MATHEMATICAL FORMULAE 
AND TABLES OF ELLIPTIC FUNCTIONS, Smithsonian Institution, Wash- 
ington, D. C., 1939, p. 117. 
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a' 

x2 x2 

4 1 4 

x' 5x2 

8 1 - 16 

5x4 

5x4 7x6 

128 512 

7x4 21x' 
128 

7x2 

1024 

21x4 

a' 64 1 20 320 

105.0 
16384 

165x' 
16384 

... 

33x6 429x' 

1280 32768 

(41) 

(42) 

(43) 

1(3) . . . (2n - 1) t .x" - 1 1 x2 a = 2(- 1) 
n! 2" 2n - 1 1(n + 1) 22 

1(3) . . . (2k - 3) (2n + 1) (2n + 3) . .. (2n + 2k - 3) k t (44) 
t=2 k! 22k (n + 1) (n + 2) . . . (n + k) 

This expression for a was previously obtained by Vigoureux19 and 
Moullin 2° 

In the limit as x - 1: 

Envelope = -2 e, -V1 + cos 27rg.t = 2e, I cos 7rµt 

- 4e 2 
cos 0- 15 cos 20 

2 

+ 
-2 
35 

cos 30 -63 cos 40- . 

- 2 
4e, `° ( -1)" cos nO 

1 - 
7r n = (2n)2 - 1 5 

where 0 = 27rg.t. (45) 

Calculation of Average Value of Instantaneous Frequency 

Consider the integral: 

I= ¿A x2 + x cos e 

7r o1+x2+2xcos ede 

2 

Make the transformation: cos e = 1 + t2' d ` 1 +t t2 

(46) 

1° F. M. Colebrook, "A Note on the Frequency Analysis of the Heterodyne 
Envelope. Its Relation to Problems of Interference." Wireless Engineer & Ex- 
perimental Wireless, Vol. 9, p. 200, April, 1932. 

20 E. B. Moullin, "The Detection by a Straight Line Rectifier of Modulated 
and Heterodyne Signals," Wireless Engineer & Experimental Wireless, Vol. 9, 
pp. 378 -383; July, 1932. 
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2x µ f (1 + x) - (1 - x)t2 dt 
ir ) 2+ ( 1- x ) (1+x 2t2 1+t2 

dt µ dt 
Tr /0 (1 + x)2 + (1 - x)2t2+ ir o 1+ t2 

z- ¡ l (x 
ir 2(1 - x2) + ,r \2l = 0 when x<1 

= µ when x > 1. (47) 

The average value of the instantaneous frequency therefore equals 
zero when x <1 and is proportional to when x >1. 

Calculation of the Root -Mean -Square Value of Instantaneous Frequency 

Consider the integral: 

ir 

1 5 x2+xcos e 2 

otl +x2 +2xCOS e d` 
_ 2 

Make the transformation: cos e = t2, de - 

Then: 
co 

2x2 (1 + x) - (1 - x)t2 2 dt 

r o (1+x)2+(1-x)212 1 + t2 

2 di 

(48) 

- 2x(1 + x)2 dt 

2r fo i (1 + x)2 + (1 - x)2t2}2 

.0 00 

(3x - 1) (1 + x) dt 1 dt 

+ 27r Jo i (1+x)2+ (1- x)2t2} + 2r 01 + e2 (49) 

Consider the integral: 
m 

Jfdt 1 

[a2 
h 1 dt 

o ia2 + b2t2 2 2a2 + b2t2 Jo + 2a2 o a2 + b2í2 

_ 1 

dt tan ' t_ when x <1 
o a2 + b2t2 2a3b L a Jo 4a3b 

(50) 

ir 

4a3b 
when x > 1. (51) 
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Therefore I becomes: 

- 2x(1 + x)2 ir 

ir 14(1+x)3(1-x) 
(3x - 1) (1 + x) ir 1 

+ 27r 2(1+.r)(1-x)+27r2 
-x 

2(1 
x 

x2) + 4(1 - x) + 4 9(1x x °) when x < 1, (52) - 
1 - 2x2 

when x> 1. (53) 
2(1 - x2) 

The root -mean -square voltage is proportional to: 

when x < 1 (54 

1l2(1 - x2) 

2x2 - 1 
p. when x>1. (55) 

Calculation of the Area of One Cycle of the Instantaneous Frequency 

The area bounded by one cycle of the variation of the instantaneous 
frequency and a line one -half unit above the time axis, as shown by 
Figure 7, will now be computed. From equation 2 the instantaneous 
frequency is given by: 

Area = 

of 1 d x sin 27ri.t 
= - + - tan-' 

2r 2r dt 1 + x cos 27rp.t 

2 f c 1 d 

a 27r dt 

ir 
x sin 271-4 1 

tan -1 + x cos 27rí.í 2 
d( r(at) 

d xsin O 1 
2í 

d 0 
tan- 1+ x cos 0 

d 6 

rr x sin O OT 
= 2L tan-`1 

+ x cos 0 2 -7q1 

for all values of x. 

Fourier -Series Analysis of Instantaneous Frequency 

The audio output is proportional to: 

x cos 27rí.t + x2 1 d 
I 

x sin 27rí.í 

' +x' +2x cos 27r0,í 2n- (titan- 1+x cos 27rí.í 

(56) 

(57) 

(58) 
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x sin /3 

1+x cos 0 

Then k sin a = x sin ß (59) 

k cos a= i+x cos 13 (60) 

where: k = + x2 + 2x cos 13 (61) 

X sin ß 

I +xcosß 
Fig. 24- Determination of k. 

Multiply equation 59 by i and add equation 60. 

Then: 1 + x cos 13 + ix sin ß = k (cos a + i sin a) 

or: 1 + x eta = k et °. Take logarithms of both sides. Then: 

log (1 + x eíß) = log k + la. 

Since: 2 3 d 

log (1 + x) = x - +3 -4 +... 

so: 

log (1 + 

- 1<x_ <1 

ei5) = xetß - x2 e21ß + x3 e3íß - .. . 

2 3 

x 2 
log k + is = x(cos Q + i sin ß) - (cos 20 + i sin 20) 

x3 + -3 (cos 30 + i sin 3/3) - .. . 

Equate imaginary terms: 

x2 x3 a= x sin 13 -2 sin 2ß+ 
3 

sin 3ß- ... 

Differentiate: 

(62) 

(63) 

(64) 

1 da 
27r dt - µ (x cos 0 - x2 cos 20 + x3 cos 30 - ...) (65) 
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The audio output is therefore proportional to: 

Output «- " (- x) " cos nß - 1 .r S 1 
n =1 

Output « - ,a Z ( -x)" - 
n =1 x + 1 

When ß = 0, 
µx 

When ß = ir, Output « - E x" - µx 
n =1 x - 1 

Effect of Limited Band Width 

(66) 

(67) 

(68) 

To show the effect of a limited band width, consider the geometrical 
progression: 

S=-,J...x" 
n=1 

By ordinary long division: 

so, 

p"- 1 
1 + P + P2 + ... +Pn-1 p-1 

S= - x x- 1 

x" - 1 

(69) 

(70) 

(71) 

The ratio of the partial sum to the output at ß = ir equals 1 - x ". 

APPENDIX II. 

COMMON- AND ADJACENT- CHANNEL INTERFERENCE 

In order to show the effect of common- and adjacent- channel inter- 
ference, let the desired frequency -modulated signal be: 

e, = E, sin (cot + 
D 

sin 2ir,t) (72) 
u 

and let the interference be an unmodulated radio -frequency carrier at 
angular frequency 6) + a, and phase angle fi, or 

e, a E, sin { (w + a)t + C ¡ (73) 
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e, + e2 = E,V/ 1 Jr x2 + 2x cos ß sin Trot + -12 2au.t - ¢ (74) 
íJ. 

where x = E : /E,, ß = 
D 

sin 27rµt - at - b 

and tan w - xsinß 
1 +x cos ß 

The instantaneous frequency becomes: 

D cos 2irµt - 1 d 
tan -11+ 

sin ß 
2rr 2rr dt 1+ x cos ß 

x2 

2rr 
+ D cos 2rµt - 1+ xÓ+ 2x os ß D cos 2aµt - 2r 

to D cos 2111µt - a ,27r 
Z n 

+ D cos 27rµt - 
cos ß+ 1/x 

cos ß+x +1 (75) 

Envelope of Beatnote Pattern 

The beatnote produced in the output of a receiver with a perfect limiter 
is given by: 

Output = D cos 2rrµt - D cos 2rrµt - a /27r 

cos ß + 1!x 
+ 1 cos ß+x (76) 

where: D 
ß = µsin 274µt - at - O. The two envelopes of the maxima and 

minima of the beat -note pattern are obtained by setting ß = 2urr or 
(2n + 1)-rr where n is an integer. This gives the two envelopes: 

Envelope = cos 2 rrµt + 2r x + 1 (r 7 ) 

and: 

D 1 x 
cos 2irµt 

+27 x x 1 

Fourier- Series Analysis of Instantaneous Frequency 

In accordance with the analysis of Appendix I, equation 65: 

( 8) 
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dt 
tan -1 

1 

x 

xlcos ß - - 1(- x)n cos nß 
dß 

D 
When: ß = - sin 27rp.t - at - O and e = 27r'.t 

the instantaneous frequency is: 

D f =2 D cos e + + (- X)" cos n sin e - at - 0 D cos s 
n=1 

Let: Y = D /L, then 

f = 2+Dcos e 
7r 

(79) 

(80) 

1 °° 
E - (-x) n D(eiE + g-âs) - eâny ein s-Wag-âne+ e-âny sin s-ânat-ânB 

4 n=1 7r 

= 2 + D cos e 

1 
-}- E (- x)n D eâ(E- 

naz -ne) ein? sin s + D eâ(Ej- n «z -ne) -ânr sin E 

4 n =1 

+ D e-2(E+naz+ne) eâny sin e+ D e-ics-nRL-ne) e-âny sin e 

á inciti-n0) eâny sin e á ei(nat-}-ne) e-âny eine 
1r 

Using the identities: 

eâx sin E_ E J/c (x) etìe 
5= -«) 

(81) 

(82) 

and J m (- x) = J- k O where J k(x) is a Bessel function of the first kind of 

order k and argument x, the instantaneous frequency becomes: 

f = 
2a + 

D cos s 

CO 
CO 

+ 
E D eâ(e - naz -ne) E J)(ny) ette -(- 417 

4 n °-00 
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CO 

+ D ei(e+nat+ne) Ft J-k(nY) eke 
k=-co 

D e +nat+ne> 
.4-1 Jk(nY) C1ke 

k=-co 

De-4(¢-nat- ne) E J-k(nY) eke 
k=-m 

a - -e unas +ne) E Jk(ny) eke 
T k = -co 

e4(nat ne) E J k(ny) C1ka 
7r k. -co 

= 
27r 

-{- D cos e 

1 m 1(- x)fl D k 
E Jk(nY) et[a+1)e-nat-nBJ 

+ D ú J_k(n') etas +ue +nat n01 

k = -oo 

+ D k(ny) et [ek -1)e - nat - nel 
k=-m 

D J-k(n-) e t[(k-1)e+flat+rieJ + k=-x 

a 
k(nY) e t Ike-nat - ne] - - J 

7r k=-oo 

tx 
J_k(nY) et[ke+nat nej 

7r k=-oo 

Make the substitutions: 

k+i= rin term 1 

kß-1 = -r in term 2 

k - 1 = r in term 3 

Then: 

f - + D cos e 

k - 1 = - r in term 4 

k = r in term 5 

k = - r in term 6 

555 

(83) 
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1 ( 

} ID [Jr-1 (ny) +Jr+t (ny)]<,'v`-nzt-ne) 
4 n=1 ` r=-°° 

+ D (ny) + Jr+1 (ny) e-t rc-nat-ne) 
r= -on 

á jr(ny) [ era -nat-ne)+e-t(rc-nat-ne) ] 7r r=- 
Apply the relation: 

2r 
Jr-t(ny) + Jr+i(ny) = ny Jr(ny) 

Then: 

td f tir D cos e = 

+ E (- x)" I D E r Jr(ny) cos (r e - nat - nO) 
n=1 r=-°° ny 

- a E Jr(ny) cos (re - nat - nO) 
27r r=-°o 

= 
27r 

+ D cos 27rµt 

(84) 

(85) 

(86) 

E E r( nD cos (27rru.t - nat - nO) (87) 
n=1 r=- n 27r ÿ ` 

where: x <1. 

This shows that the effect of the interfering signal is to produce cross 
modulation between the desired audio signal of frequency N. and the differ- 

ence angular frequency a. The amplitude of each frequency can be com- 

puted from this equation. When a = 0, i.e., common -channel interfer- 
ence, this reduces to: 

f = 
w +D cos 27rµt 

271- 

+ E (- r)- -n J r cos 
27rrµt cos nO + sin 27rrµt sin n ß 

n=1 r=- 

_ 2 7r 
+ D cos 27rµí 
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+ 2µ i (2r - 1) C(2r - 1,- ; x, 0) cos { (2r - 1) (27rµt) } 

1-4 

+ 2;1. (2r) S(2r, ; x, 0) sin { (2r) (27rEi,t) } 

fai 

where the C- and S- functions are defined as follows: 

s 

C(m, n; x, 0) = E ( ) J (ms) cos s0 
sai s 

°° x 
S(m, n; x, 0) _( J (ms) sin s0 

s=1 s 

(88) 

(89) 

(90) 

APPENDIX III. 

COMMON -CHANNEL INTERFERENCE, BOTH SIGNALS MODULATED 

When two frequency -modulated signals with a common carrier fre- 
quency produce interference, the effect is similar to that which occurs 
when one wave is not modulated. The exact relations can be obtained in 

the following way: 

Di 
Let: e1 = E, sin ((at - sin 27rEi,,t) (91) 

Dg 

E+11 

and: e2 = E, sin (cot + - sin 27rp., t) (92) 
E= 

be the two interfering waves. Then: 

D, 
e, + e2 =V E12 + E22 + 2E 1E, cosy sin (nit + sin 2711ß 1t cp) (93 

x sin y 
where: tan cp = 

1 + x cos y 

and: y = D 11 sin 27rp.1t - D' sin 2i4i2t 
EA EL= 
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The instantaneous frequency becomes: 

co D, cos 2aµit - D2 cos 2a112t D f = 
2a 

+ 1 cos 2aµ. it 
cos 

` 

+ 1/x 
+ 1 (94) 

cos ,;) +x 
Envelope of Beat -note Pattern 

The beat -note produced in the output of a receiver with a perfect 
limiter and balanced discriminator is given by: 

Output = D 1 cos 2aµ.1t - D, cos 2aµ 1t - D2 cos 2aµ21 

cos V + 1 /x+ 
(95) 

cos + x 

The two envelopes of the maxima and minima of the beat -note pattern 
are obtained by setting q) = 2na or _ (2n + 1)a, where n is an integer. 
This gives the result: 

Envelope - `x cos 2711i it + xD2 

1 cos an-pd 

and: D 
1 D2x 

1 x 
cos 2aµ. ,t + 

x 
cos 2aµ.2t 

(96) 

(97) 

Fourier -Series Analysis of Instantaneous Frequency 

The distortion present in the instantaneous frequency is given by 
d x sin ,.' `° d4, tan -1 - n 
dt 1 + x cos 42 

=1(- x) cos n dt (98) 

Consider the expression: 

cos n4, dt = 2a cos n'4 (D1 cos 271-(1 it - D2 cos 2711.).2t) (99) 

Make the substitutions: 

a = 2aµ.,t 

(.3 = 2aµ:t 

D1 
y = n - 
-nD 

Then the first term becomes: 

DI cos a cos { y sin a S sin $} 

D1Se4a -ia[ et" sin a -fia ein ß + e -4Y sin a en sin ßC 

4]( S)( S 

' I et f J,.(y) eira 
-CO 

J_3(U) e180 
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00 

e-aa E Jr(Y) etra X J_3 (ó) essa 
r--pp 3c-co 

+ e4a E J-r(Y) e' J,(6) easß 

r=-CO s=-00 

J-r(Y) etra 
L.i J,(6) easß 

r=-00 8v-00 

D'1 [J(,,)er+ua+. Jr(Y) ear-lla] E J-s(S) eisß 

- =- r 
J s=-03 

+ E [ J r(Y) ea(r+1)a + J r(Y) ea(r1)a E J3(6) (100) 
r = -OD s= m 

Make the following substitutions: 

1 = k in the first expression in the first bracket 
- 1 = k in the second expression in the first bracket 
+ 1 = - k in the first expression in the second bracket 
- 1 = - k in the second expression in the second bracket 

and apply the identity: 

Jk- '(ï) + Jk+1(Y) = 
2k 

Jk(Y) 

This gives: 
D, cosacos {Y sin a- sin 131 

=D [ Jk-1(Y) + Jk+a(Y)] e;ka J3(6) - as(i 

k= 3=-00 

00 CO 

+ Pic-i(Y) + Jk+1(Y)] e-aka J3(6) 
k=- 3=- 

=D kJk(Y)e 4ka E J3(S)e asß 

2 k=- y 3=-00 

+ E k 
Jk (Y) 

J3 (S)easß 
s=- 

CO 

00 00 

= D, E E Jr (Y) J3 (S) cos (ra - sß) 
7=-00 3=-OO y 

By the same process: 

D_ cos (3 cos {Y sin a - S sin ß} 

= D2 E s Jr (Y) J3 (S) cos (ra - sß) 

(101) 

(102) 

(103) 
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These two results give the expression: 

cos n de? 
= 2r 

rD, sD2 
Jr (7) JS (ó) cos (ra - sß) 

dt r=-s=-a0 y y 

27r 

n r=- 
00 

E (rµ, - 8µ2) Jr (y) J3 (S) cos (ra - sß) (104) 
s=-00 

The audio output from a balanced discriminator thus becomes: 

Output « D, cos 2irµ,t 

S. ú, (-x)" nD, nD-_ , (r(J.1 - s(1.2) J, ( ) J8 ( ) cos (ra- sß) 
n=1 r=-00 s=-b 1l (J., ,J.s 

= D, cos 27r(J.,t + ú ú (rp., - 8(12) C(r, 
,` 

; s, : x, 0) 
r - (J., (J.s 

cos (ra - sß) (105) 

where the generalized C- function is defined as follows: 

C(k, 1; m, n: x, (i) = v 
3=1 

(-x)' 
Jk(s 1) J,(sn) cos se, 

s 

a = 27rµ,í and ß = 27r0,2t. 

(106) 
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BY 

BERTRAM TREVOR, ORVILLE E. Dow, AND WILLIAM D. HOUGHTON 
Research Department. RCA Laboratoric< Dickuni. 

Riverhead nod Rocky Point. I.. I.. \ 

Summary -This paper describes a radio relay set which provides eight 
telephone circuits and operates in the 1.1.50 to 1500 -megacycle band. The 
set uses a time division multiplex system and pulse position modulation. 
An explanation of the system is given. The signal -to -noise ratio at threshold 
signal condition is derived and compared with the measured signal -to -noise 
ratio. This radio set was developed for the U. S. Army during the war and 
is designated the AN /TRC, -5. 

INTRODUCTION 

THE radio relay set herein described consists of a radio transmit- 
ter and receiver along with its associated multiplex apparatus. 
Two of these sets provide eight two -way telephone circuits of 

high quality over a line of sight path up to 50 or 100 miles long. The 
performance of each radio set permits operation of many radio links 
in tandem so that large distances may be covered. The receiving and 
transmitting circuits of one set use separate radio frequencies in the 
range of 1350 to 1500 megacycles. The radio frequency energy is 
transmitted in short pulses and multiplexing is accomplished on a time 
division basis. Modulation of a particular channel pulse is effected by 
displacing it, from its normal unmodulated position, by a time interval 
proportional to the amplitude of the modulating signal. This is known 
as pulse position modulation. This radio set was developed for the U. S. 
Army Signal Corps during the war, and was designated AN, TRC -5. 
An overall view of the set is shown in Figure 1. 

The total power drain for one radio set is 1500 watts from a 115 
volt, 50, 60-cycle source. The peak radiated power is 400 watts, which 
corresponds with an average power of 20 watts. An input level of one 
milliwatt will modulate any channel 100 per cent and the output of this 
channel will be one milliwatt. The cross talk between adjacent chan- 
nels when one channel is modulated 100 per cent is 60 decibels below 
the level corresponding to 100 per cent modulation. 

Decimal Classification: R148.6 X R480. 
f This paper and "A Microwave Relay Communication System ", which follows, comprise a detailed presentation of specific equipment referred to in C. W. Hansell's general paper on radio relays in the September 1946 issue of RCA REVIEW. 
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DESCRIPTION OF THE MULTIPLEX SYSTEM 

The pulses of a single audio channel may be considered as a phase 
modulated subcarrier. This subcarrier must have a frequency greater 
than twice the highest modulating frequency (with small phase devia- 
tions) in order that the lower sideband may be separated from the 
highest modulating frequency. In this system the channel pulse repeti- 
tion rate was set at 10,000 per second, giving an adequate margin for 
modulation frequencies up to 3000 cycles per second. Since the basic 
channel period is 100 microseconds it is necessary to fit eight channel 
pulses and a synchronizing or marker pulse into this time interval. 
Accordingly, this interval is divided into nine equal periods of 11.1 

microseconds with a pulse assigned to each period. A marker pulse 

Fig. 1- Overall view of the AN /TRC -5. 

serves as a time base and reference point to allow the respective pulses 
to be switched to their proper channels at the receiving end of the 
circuit. 

One basic time period is shown in Figure 2 in which S represents 
the 2 microsecond marker pulse, and the 0.4- microsecond channel pulses 
are numbered 1 -8. In order to avoid interference and cross channel 
modulation, the maximum time displacement of any channel pulse is 

limited to -!- 3.5 microseconds, which allows an adequate guard space 
between adjacent pulses when each is fully modulated. The extra width 
of the marker pulse allows it to be isolated from the channel pulses at 
the receiver to recreate the original basic time period. The limits of 
modulation and the guard space are shown by the dotted lines for 
channels 1 and 2. 
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A modulating voltage displaces its channel pulse from the normal 
unmodulated position by an amount corresponding to the instantaneous 
amplitude of the modulating voltage at the occurrence time of that 
pulse. Thus the pulse is displaced at a rate corresponding to the fre- 
quency of the modulating voltage. The displacement corresponding to 
100 per cent modulation is set at ± 3.5 microseconds. Limiting is used 
to prevent greater displacements to avoid excessive cross talk between 
channels. Figure 3 shows ten consecutive traces of a channel pulse 
with 100 per cent modulation by a 1000 -cycle tone. Each horizontal 
line is that part of the basic time period allotted to this channel. 

MULTIPLEX EQUIPMENT 

The transmitting and receiving multiplex equipments are housed 
in one carrying case which is divided in two sections. Each equipment 
consists of a removable common unit with its eight associated identical 

GUARD T /ME 
I I < k-MODULARON RA NGE 

S 

i 

2 3 4 5 6 7 8 S 
Fig. 2 -One basic time period. 

channel units. Each channel unit is removable without interfering with 
the operation of the other channel units. Thus the whole multiplex 
equipment is comprised of two common units and sixteen channel units. 
The removable feature of these units allows complete accessibility to 
all components for maintenance and repair. Figure 4 is a block dia- 
gram of the AN /TRC -5 set. 

The transmitting multiplex equipment generates a signal as shown 
in Figure 2, which is used to drive the radio transmitter. The receiving 
multiplex equipment receives the pulsed signal from the radio receiver 
and delivers eight voice channel outputs. The transmitting and re- 
ceiving multiplex equipments are entirely independent except for a 
common power supply. 

The transmitting common unit functions are: 
(1) To allot equal consecutive 11.1 microsecond time intervals to 

the eight channel units. 
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(2) To generate a marker pulse and locate it properly in its as- 

signed 11.1 microsecond interval. 
(3) To combine, shape, and amplify the output pulses from all 

eight channel units. 

3.5 > 
M/CROSEGONDSr 

< 3.5 

I 

MICROSECONDS 

i 

- NORMAL POS/ T /ON 

/1.1 
MICROSECONDS 

CHANNEL ALLOTMENT TIME 

Fig. 3- Consecutive traces of one channel pulse modulated with 
1,000 cycle tone. 
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The transmitting channel unit functions are: 
(1) To generate a pulse properly located in the time interval as- 

signed by the common unit. 
(2) To vary the occurrence time of the generated pulse in accord- 

ance with the audio input to the channel. 
(3) To advance the pulse to the leading edge of its channel interval 

and keep it there for the duration of applied ringing voltage 
from the audio input terminals. 

Au010_. 
INPUT 

C//fl/1NEL 

I-8 

The 

R-F 
TRANSMITTER 

R-F 
¡RECEIVER 

r--i - t 
COMMON COMMON I 

UNIT , I UN/T 

4 f 

--I 6 -- 
6 I--r 

I. 
T 

H 8 t. 
TRANSM/TT/N6I RECE/V/NG 

I MULTIPLEX I MULTIPLEX I 

Fig. 4 -Block diagram of the AN /TRC -5. 

r 

_ AUDI D 

OUTPUT 

CHANNELS 
/ -8 

transmitting common unit consists of : (1) a 90- kilocycle 
crystal- controlled oscillator which is used to lock a 90- kilocycle pulse 
oscillator; (2) a counter circuit which produces a step wave consisting 
pf nine steps each 11.1 microseconds long (the step wave is coupled to 
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the channel units and allows 11.1- microsecond time intervals to be 

determined on an amplitude basis) ; (3) a marker pulse generator 
which produces a 2- microsecond pulse and locates it in the period 
immediately succeeding the step wave discharge; (4) an amplifier 
stage which shapes and amplifies the pulses from the channel units; 
and (5) an output stage which combines the channel and marker pulses 
and couples them to the radio transmitter. 

A transmitting channel unit consists of : (1) a channel selector 
which allows the channel unit to operate in a desired time interval; (2) 
a saw -tooth generator which produces a saw -tooth wave whose length 
is adjustable and is made equal to the modulation range (about 7 

microseconds) ; (3) a pulse generator and modulator which produces 
a pulse whose occurrence time is made variable over the linear rise 

Fig. 5 -The transmitting multiplex channel unit. (Capacitors are on the 
back of the terminal board). 

time of the saw -tooth waves; and (4) a circuit which rectifies the input 
ringing voltage, causing the pulse to remain in an advanced position 
for the duration of the ringing signal. Figure 5 shows the transmit- 
ting channel unit. 

The receiving common unit functions are: 
(1) To separate the marker pulse from the radio receiver output. 
(2) To derive from the separated marker pulse a new set of pulses 

having a 90- kilocycle repetition rate which in turn is used to 
generate a step wave having nine steps. (This step wave is 
used to allot equal consecutive 11.1- microsecond time intervals 
to the eight channel units.) 
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The receiving channel unit functions are: 
(1) To isolate a particular channel pulse and convert the time dis- 

placement modulation into pulse width modulation. 
(2) To detect the width modulation by means of a low -pass filter. 
(3) To generate a direct -current voltage which operates the ring- 

ing relay when the channel pulse is held at its most advanced 
position. 

The receiving common unit consists of: (1) a marker pulse sepa- 
rator circuit; (2) a circuit to generate pulses having a 90- kilocycle 
repetition rate from the separated marker pulses; (3) a circuit to allow 
an adjustment of the phase of the 90- kilocycle pulse rate; and (4) a 

yuru4'nmpuu¡if 
C E I 

Fig. 6 -The receiving multiplex channel unit. (The 3,000 -cycle low -pass filter is at the upper left. The capacitors are on the back of the terminal 
board). 

step wave generator to produce a step wave having nine steps. The 
interval between risers is 11.1 microseconds. The step wave is coupled 
to the channel units and allows 11.1- microsecond time intervals to be 
determined on an amplitude basis as was done in the transmitting 
multiplex equipment. 

A receiving channel unit consists of: (1) a channel selector which 
allows the channel unit to operate in a desired time interval; (2) a 
multivibrator type circuit and associated gate to select the proper 
channel pulse and convert the pulse position modulation into a pulse 
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width modulation; (3) a low pass filter and audio amplifier; and (4) 

a circuit to generate a negative direct -current voltage when the chan- 

nel pulse is held at its most advanced position. This voltage is applied 

to the grid of the audio amplifier tube to provide a cut -off bias which 

operates the ringing relay in the plate circuit of the audio tube. The 

receiving channel unit is shown in Figure 6. 

As an aid in operating and maintaining the multiplex equipment 
a suitable cathode -ray oscilloscope is provided. The horizontal linear 
sweep circuits are driven from either the transmitting or receiving 
multiplex units. This arrangement gives a permanently synchronized 
horizontal sweep of the correct frequency. 

In order that this radio set be capable of operating into a telephone 
switchboard, or any set of two wire pairs, hybrid circuits are provided 
to convert the eight incoming and eight outgoing audio pairs into 

eight two -wire lines. These hybrid transformers are located in a sep- 

arate terminal unit which also contains the terminals for the audio 
lines, ringing relays, 20- cycle ringing generator, metering facilities, 
1000 -cycle test oscillator, and hybrid switching arrangements. The 
switching circuits allow the operator to set up any channel on a two - 

wire, two -way, or four -wire, two -way, basis. The 1000 -cycle oscillator 
is supplied for setting line levels properly. 

RADIO TRANSMITTER 

The transmitter consists of a magnetron oscillator and its associ- 
ated equipment, as shown in Figure 7. The magnetron has an oxide 

cathode, eight anodes, and eight resonant cavities. Alternate anodes 
are tied together with two strapping rings. The magnetron operating 
frequency is adjustable from 1350 to 1500 megacycles by means of a 

tunable section of coaxial line coupled to the cavities. The adjustable 
short on the coaxial line is outside the evacuated envelope. Output is 

obtained by a loop coupled into one cavity, as is commonly done with 
this type of magnetron. 

The magnetic field for the magnetron is supplied by an adjustable 
permanent magnet. Normal field for operation of the magnetron is 

about 900 oersteds. 
A matching circuit adjusts the impedance of the antenna to load 

the magnetron most favorably. The matching circuit has a high Q so 

as to attenuate the unwanted side frequencies resulting from the 
abrupt starting time of the magnetron. 

The radio frequencies are measured by a quarter wave long coaxial 
line operating as an absorber type wavemeter. 

The pulse drive for the magnetron is obtained from a three -stage 
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transformer coupled limiter -amplifier. The first two stages use 6V6 
type tubes. The output stage uses two 813 type tubes and is coupled 
through a blocking condenser to the magnetron cathode. The peak 
amplitude of the pulse voltage input to the magnetron is about 3500 
volts and the peak current is about one ampere. 

Operation is made independent of the 60 -cycle supply line voltage 
over a limited range by using a current regulator to maintain the 
average current of the magnetron constant. Since the per cent mark or 
duty factor of the system does not vary, maintaining the average 
current constant is equivalent to maintaining the peak current constant. 

Fig. 7 -Top view of the radio transmitter showing the magnetron and 
magnet. (The 813 driver tubes are to the left, antenna matching unit to 

the right.) 

RADIO RECEIVER 

The superheterodyne radio receiver (see Figure 8) uses a 1N21 
type crystal converter with a 2C40 triode local oscillator which can be 
tuned to either side of the signal frequency. The 16- megacycle inter- 
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mediate frequency amplifier using 6AC7 tubes is single -tuned having 
a bandwidth of 3 megacycles. This is followed by a multistage video 
limiter and clipper and an output cathode follower stage. The receiver 
noise factor referred to a KTAf base is 10 to 12 decibels, depending 
upon the choice of crystal used in the converter. An image ratio of 
better than 28 decibels is maintained over the tuning range by two 
ganged, quarter -wave, resonant selective circuits preceding the crystal 
converter. 

Fig. 8 -Top view of the radio receiver with dust cover removed, showing 
local oscillator and crystal converter assembly. (Power supply components 

are at the bottom). 

ANTENNAS 

The transmitting and receiving antennas are identical and sup- 
ported side by side on a 50 foot pipe mast at each radio set. Figure 9 

is a photograph of such an installation. Each consists of a parabolic 
reflector, 50 inches in diameter, which directs the radiation from a half - 
wave dipole. The directivity of the antenna is further increased by 
a parasitic half -wave dipole located in front of the fed dipole. The 
reflectors consist of a tubular framework supporting a galvanized wire 



PULSE TIME RELAY 571 

mesh with openings about three -eighths of an inch square. For ease 
of carrying, each reflector is built in two sections and held together in 
operation by four draw clamps. The power gain of each antenna over 
a half -wave dipole is about 19 decibels. The total beam width at half 
power is 15 degrees. Coupling between antennas, both horizontally 
polarized, on the same mast measures 70 decibles at the coaxial feed 
line inputs. The 65 -foot coaxial cable feed line loss of 5 decibels com- 
bined with the antenna gain results in a net gain of 14 decibels. 

Fig. 9- Antenna assembly at the top of 50 -foot mast. (The mast rotation 
bar is near the bottom). 

PULSE MODULATION CONSIDERATIONS 

Time division multiplexing with pulse position modulation offers 
several advantages over the frequency division method of channeling. 
Perhaps the most important, from the military point -of -view, is the 
elimination of heavy filters, the use of which involves quite linear 
amplifiers to avoid excessive cross talk between channels. Another 



572 RCA REVIEW 

advantage is the use of readily obtainable standard capacitors and 
resistors with tolerances no better than ± 10 per cent. Pulses are 
handled entirely with non -linear amplifiers, which gives an easily - 
managed system free from the usual cross talk problems. At the time 
of this development the pulsed magnetron was the most satisfactory 
transmitting tube which could be made available to give 20 or 30 watts 
average power with relatively high efficiency. This fact further con- 
tributed toward the choice of a pulse system. 

A system using pulse position modulation provides a reduction in 
output noise as the occupied frequency band is increased. This noise 
reduction is analogous to that obtained in continuous -wave phase and 
frequency modulation systems. This characteristic results in a fairly 
large audio signal -to -noise ratio for all signal levels down to the 
threshold level. The threshold signal occurs when the peak pulse ampli- 
tude is just 6 decibels above the peak noise amplitude in the frequency 
band required to pass the pulses. In the following it will be assumed 
that transmitted signal has a constant average power, a constant pulse 
repetition frequency, and the minimum pulse length that the receiver 
band will pass. The transmitted pulse must always have a rise time 
at least as short as the reciprocal of the receiver pass band. Under 
these conditions the peak pulse power and the peak noise power both 
increase linearly with increase in bandwidth. A gain in the audio 
signal -to -noise ratio is obtained by decreasing the pulse length and 
increasing the bandwidth to correspond, but this does not result in a 
change of the threshold signal level at the receiver and so does not 
allow any greater distances to be covered despite the higher peak 
power. More average power is required to cover a greater distance. 

To a close approximation the audio signal -to -noise ratio at the 
threshold signal level is: 

S 
-=6.32Brt,71 
N 

1 - (root- mean -square) for random noise (1) 
B,. 

where Br = the effective radio -frequency bandwidth for noise purposes 
of the receiver in cycles per second (usually the inter- 
mediate frequency amplifier bandwidth). 

t = peak time displacement of pulse due to modulation in 
seconds. 

B,= the effective bandwidth for noise purposes of the audio 
system in cycles per second. 

f pulse repetition frequency in cycles per second. 

Equation (1) is derived as follows: Figure 10 shows the time posi- 
tion modulation of the edges of the signal pulse due to noise. The time 
of rise of the leading edge of the pulse is equal to (14) 4. This will 
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be the case for the assumed condition that the transmitted pulse has 
a build -up time as fast or faster than this value. For simplicity the 
noise is represented as having a steady peak amplitude equal to about 
one -half the peak amplitude of the signal pulse. The solid lines repre- 
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Fig. 10 -Time position modulation of signal by noise. 

sent the resultant of the noise and the signal pulses after linear recti- 
fication without restriction of bandwidth. If the phase of the noise 
voltage is such as to add to the signal, the leading edge of the resultant 
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1 

will be advanced seconds as shown in Figure 10 (A) . If the noise 
2B,. 

voltage is such as to oppose the signal at the proper time the leading 
1 

edge of the resultant will be retarded seconds as shown in Figure 

10 (B) . In order to realize the wide band gain of the system it is neces- 
sary to limit and clip the pulses so that no noise is present other than 
that which causes a time displacement of the leading and trailing edges 
of the pulses. This is equivalent to amplifying a thin slice of the re- 
sultant signal at a level just above the 0.5 amplitude. The resulting 
signal will consist of pulses of constant amplitude and variable width. 

The peak deviation of the leading edge of the pulse due to random 
noise is : 

1 
tN = seconds, at threshold. 

The ratio of the peak deviation due to the audio signal to the peak 
deviation due to the noise is: 

tm -= 2B, t, (peak) . 

tN 

Since only part of the noise is passed by the audio amplifier, the 
signal -to -noise ratio at the audio terminals is : 

tm 

t 

fp - (peak). 
Bm 

The ratio of the root- mean -square voltage to the peak voltage for a 

sine wave is 0.707. The ratio of the root- mean -square voltage to the 
peak voltage for thermal agitation noise is 0.224. Therefore, for a 

threshold signal the root -mean -square signal -to -noise ratio at the audio 
terminals is: 

S .707 f 
2B,t,,, 

N .224 r B. 

= 6.32 B,.t,,, 
fpp 

(root- mean -square). (1) 
Bm 

The above analysis assumes a pulse having a linear rise with time, 

which is not actually the case. Experience has shown, however, that 
equation (1) is sufficiently accurate for all practical purposes. 



 

PULSE TIME RELAY 575 

Substituting in equation (1) values corresponding with the factors 
in the AN /TRC -5 radio set, the calculated threshold signal -to -noise 
ratio is 41.6 decibels. This calculation does not take into account noise 
introduced in all channels by the marker pulse. The audio output is 
determined by the phase relation between the marker pulse and a 
channel pulse. Since the marker pulse is also position modulated by 
noise and contributes an amount of noise power to the output terminals 
equal to that due to each channel pulse, the above calculated signal -to- 
noise ratio should be decreased by 3 decibels. Actual measurements 
show the marker pulse reduces the signal -to -noise ratio only 2.3 deci- 
bels. The selectivity of the 90- kilocycle circuit which is excited by the 
marker pulse reduces the noise contributed by the marker pulse some- 
what. The measured signal -to -noise ratio at threshold for one channel 
in the AN /TRC -5 is + 39.3 decibels. 

The work described in this paper was performed under War Depart- 
ment contract W3434 -sc -279 with Radio Corporation of America. 
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A MICROWAVE RELAY 
COMMUNICATION SYSTEW`t 

BY 

G. G. GERLACH 

R.ugi iccring Products Deportment, RCA Victor Division, 
Camden, N. J. 

Summary -This paper reviews the experimental results obtained with 
a 4000- megacycle multichannel relay system connecting New York and 
Philadelphia. The system employs a frequency- modulated subcarrier which 
in turn is used to frequency- modulate the final carrier. Demodulation to 

the subcarrier frequency is effected at relay stations. The microwave relay 
equipment, which resulted from this experimental work and which will be 

installed by the Western Union Telegraph Company in a circuit connecting 
New York, Washington and Pittsburgh, is described. 

INTRODUCTION 

NTIL recently, multichannel radio circuits were employed as 

I 

trunk lines in telephone and telegraph systems only where the 

installation of wire lines was impracticable. Such radio cir- 

cuits usually operated at ultra -high frequencies and were limited to 

single hops over short distances'. This limited use of radio was not 

surprising in view of the technical difficulties involved in broad -band, 

multichannel operation in the ultra -high frequency region. 

The rapid development of microwave techniques during the wartime 
period, however, provided many new tools for the radio communications 
engineer, and economical operation of long- distance, multichannel relay 

systems in the microwave region can now be realized "'' 4. 

At microwave frequencies, the wide modulating bands employed 

in multiplexed telephony and telegraphy represent a small percentage 

* Decimal Classification: R480. 
-j- Presented at the National Electronics Conference, Chicago, Illinois, on 

October 4, 1946. 
i N. F. Schlaak and A. C. Dickieson: "Cape Charles -Norfolk Ultra - 

Short -Wave Multiplex System," Proc. I.R.E., Vol. 33, No. 2, pp. 78 -83, 
February, 1945. 

C. W. Hansel], "Development of Radio Relay Systems ", RCA RE- 
VIEW, Vol. VII, No. 3, pp. 367 -384, Sept., 1946. 

' Colonel Julian Z. Millar, "A Preview of the Western Union System 
of Radio Beam Telegraphy," Jour. Frank. Inst., Vol. 241, No. 12, pp. 397- 
413, June 1946; and Vol. 242, No. 1, pp. 23 -40, July, 1946. 

4 John J. Kelleher, "Pulse- Modulated Radio Relay Equipment ", Elec- 
tronics, Vol, 19, No, 5, pp. 124 -129, May, 1946, 
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of the final carrier frequency, and the design of economical equipment 
is, therefore, greatly simplified. Highly directional antenna systems 
at these frequencies are both practicable and economical, and low -power 
transmitters may be employed. Since transmission is confined to 
narrow beams over line -of -sight paths, interference between adjacent 
systems is minimized and the frequency spectrum utilization is efficient. 

The relaying of multiplexed signals through a large number of 
repeater stations, however, still imposes serious problems in the design 
of modulators, demodulators, and repeaters. Each repeater station will 
introduce some noise, distortion, and cross -modulation, and the cumu- 
lative effects of these signal degradations must be held to tolerable 
limits. 

Early in 1945 RCA installed an experimental microwave relay 
system connecting New York and Philadelphia for the purpose of 
observing propagation effects, and for the field- testing of develop- 
mental equipment. These studies were made with the cooperation of 
the Western Union Telegraph Company. The early experimental 
results were encouraging, and a design program was started which 
resulted in the equipment described in this paper. 

The Western Union Telegraph Company is now installing equip- 
ment of this type in a microwave relay system connecting Washington, 
Pittsburgh, and New York.3 

METHODS OF OPERATION 

In designing a multichannel radio system suitable for public - 
carrier telephone and telegraph trunk -line operation, it was considered 
highly desirable to provide for straightforward interconnection with 
existing land lines, and with the conventional frequency- division multi- 
plexing equipments employed in land -line systems.3.5'° 7 It was also 
considered a necessity to provide voice communication facilities (serv- 
ice channel) between relay stations and terminal stations as an aid to 
test and maintenance personnel. Another requirement, imposed by 
the fact that relay stations are normally unattended, was the provision 
Pf fault -locating means capable of localizing equipment failures. 

A modulation method which satisfies these requirements was devel- 

5 B. W. Kendall and H. A. Affel, "A Twelve -Channel Carrier Telephone 
System fer Open -Wire Lines," Bell Sys. Tech, Jour., Vol. 18, No. 1, pp. 
119 -142, January, 1939. 

6 F. B. Bramhall and J. E. Boughtwood, "Frequency- Modulated Carrier 
Telegraph System," Elec. Eng., Vol. 61, No. 1, pp. 36 -39, January, 1942. 

F. B. Bramhall, "Carrier Telegraph Systems ", Elec. Eng., Vol. 63, 
No. 8, pp. 288 -286, August, 1944. 
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oped by L. E. Thompson. This method is illustrated in the block 

diagram shown in Figure 1 which, for convenience, includes only one 

repeater station. At the transmitting terminal, multiplexed signals, 
in a band of 30 to 150,000 cycles, frequency -modulate a 1.0- megacycle 

subcarrier, which, in turn, frequency -modulates the final microwave 
carrier. At relay stations, this frequency -modulated subcarrier is 

recovered by demodulation of the received signal, and the subcarrier 
is then used to frequency- modulate the relaying transmitter. Demod- 

ulation of the subcarrier does not occur except at the receiving terminal 
of the relay chain. 
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RECEIVER 
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INPUT 1 OUTPUT 

3O. -ISO.p00. 30- ..- I50.000-.. 
(FROM MULTIPLEXING (TO MULTIPLEXING 

EQUIPMENT) EQUIPMENT) 

Fig. 1 -Block diagram of basic system. 

This method greatly simplifies the design problems, since only the 

modulator and demodulator of the subcarrier need be linear, and these 

are employed only at the terminal stations. The equipment required 

at relay stations becomes relatively simple; here, nonlinear demodu- 

lators and modulators may be employed without causing degradation 

of the multiplexed signals, since waveform distortion of the frequency - 

modulated subcarrier wave is not harmful. 
Figure 2 illustrates, in block diagram form, the double frequency - 

modulation process performed at the transmitting terminal of a relay 

chain. Signals, in the intelligence band of 30 cycles to 150,000 cycles, 

which are usually provided by conventional frequency- division multi- 

plexing equipments, are applied through a pre- emphasis network to 
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two reactance -tube modulators, operating in push -pull, which fre- 
quency- modulate two oscillators -one operating at 9.0 megacycles and 
the other at 9.33 megacycles. The frequencies of these oscillators are 
tripled, and the outputs of the tripler stages are combined in a mixer. 
The difference frequency of 1.0 megacycle is utilized as the subcarrier. 
This subcarrier, which has a peak deviation of plus and minus 400 
kilocycles, is applied to the repeller electrode of a reflex oscillator tubes 
operating at about 4000 megacycles. The deviation of the final carrier 
is approximately plus and minus two megacycles. For service channel 
purposes, voice signals or audio tones may be applied to the repeller 
electrode, simultaneously with the 1.0- megacycle subcarrier, to fre- 
quency- modulate the final carrier directly, with a maximum deviation 
of approximately plus and minus 75 kilocycles. 
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2 I 

W 
I 

87 I 

uó 

MIXER 
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(TRANSMITTER) 

I.OMC(FREO.- 
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L - 

FREQUENCY 
CONTROL 

R -F 
OSCILLATOR 

-M) 

SERVICE 
CHANNEL 
INPUT 

',SERVICE1 

z. 
I \ 

TRANSMITTER 
ANTENNA 

Fig. 2 -Block diagram of transmitting terminal station. 

Operation at a relay station is illustrated in Figure 3. The received 
signal is combined in a crystal mixer with the output of a local reflex 
oscillator. Amplification and limiting are performed at an intermediate 
frequency of 32 megacycles, and the 1.0- megacycle subcarrier is re- 
covered at a 32- megacycle discriminator. The subcarrier, after amplifi- 
cation and limiting, frequency -modulates the reflex oscillator of the 
outbound relaying transmitter. The service channel signals are also 
derived at the 32- megacycle discriminator for operation of headphones 
and the relaying transmitter may be modulated directly by the output 
of a microphone. In a two -way relay circuit, these service channel 
facilities at terminal and relay stations provide a system -wide "party 
line." 

8 J. R. Pierce, "Reflex Oscillators ", Proc. I. R. E., Vol. 33, No. 2, pp. 112- 
118, February, 1945. 
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repeater station. 

Figure 4 illustrates the receiving terminal. The operation of a 

receiver terminal is identical with that of a relay station up to the 
subcarrier output circuit of the intermediate -frequency unit. Instead 
of being used to frequency- modulate a relaying transmitter, however, 
the subcarrier is fed to a demodulator circuit. In this demodulator, 
the 1.0- megacycle subcarrier is first converted to 13 megacycles in a 

balanced mixer circuit, and is then amplified and limited before demod- 
ulation by the 13- megacycle discriminator. This conversion to 13 
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Fig. 4 -Block diagram of receiving terminal station. 
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megacycles is performed in order to simplify the design of the sub - 
carrier discriminator, which requires a high degree of linearity. The 
intelligence- bearing signals derived from the 13- megacycle discrimi- 
nator are amplified and fed through a de- emphasis network to con- 
ventional frequency- division multiplexing equipment for conversion 
to individual voice bands or telegraph channels. 

Figure 5 illustrates the method of diversity operation employed 
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Fig. 5 -Block diagram of receivers connected for diversity operation. 
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Fig. 6- Functional diagram of automatic frequency control used in transmitter and receiver. 

for transmission hops greater than about 15 miles. The two receivers, 
separated vertically by approximately 25 feet, are identical. The sub - 
carrier signals of the two receivers are mixed in the limiter stages of 
one of the intermediate- frequency units. At a relay station the com- 
bined 1.0- megacycle subcarrier modulates the outgoing transmitter; 
at a receiving terminal the combined subcarrier is demodulated. 

The automatic frequency control circuit shown in Figure 6 operates 
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by comparing the oscillator frequency with the resonant frequency of 
a stabilized coaxial cavity having a Q of approximately 800. A small 
reed in the cavity is driven magnetically at 60 cycles per second, and 
the vibration of this reed varies the resonant frequency of the cavity 
by approximately plus and minus 1.0 megacycle at the rate of 60 cycles 
per second. Coupled to the cavity is a crystal detector. Audio currents 
from this detector are amplified and fed to a balanced phase- discrimi- 
nator circuit. 

When the frequency of the oscillator corresponds to the midpoint 
of the frequency range swept by the cavity, the alternating- current 
component of the crystal current has a frequency twice that of the 
driving frequency, or 120 cycles. This 120 -cycle current produces no 
unbalance in the discriminator circuit and the voltage between A and 
B is zero. However, if the frequency of the oscillator drifts from the 
midpoint of the cavity sweep range, the crystal current will contain a 

60 -cycle component. The phase of this 60 -cycle component, when the 
oscillator frequency drifts higher in frequency, is 180 degrees different 
from its phase when the oscillator drifts lower in frequency. These 
60 -cycle currents produce a differential voltage between A and B, the 
polarity of which depends on whether the oscillator has drifted higher 
or lower than the midpoint of the sweep range of the reference cavity. 
This differential voltage is applied to the grid of a control tube which 
determines the potential of the repeller electrode of the reflex oscil- 
lator, and effects, in the repeller electrode potential, a change sufficient 
to return the oscillator frequency close to the midpoint of the cavity 
sweep range. 

A loop -test method is employed for locating trouble in a two -way 
relay circuit. Each relay station is assigned a particular identifying 
audio -frequency tone and is equipped with means for looping this iden- 
tifying tone back to the terminal station from which it was transmitted. 
In case of circuit failure, the operator at a terminal station performs 
loop tests, through successive stations, by applying the appropriate 
identifying tones to the service channel input of his transmitter, and 
observing the returned tones. The operator locates the failure, ap- 
proximately, by noting the first relay station which fails to return its 
test tone. Further tests enable him to locate exactly the station at 
which the failure has occurred. 

The fault- locating equipment which provides the loop circuit at 
relay stations is illustrated in Figure 7. A narrow pass -band filter, 
accepting only the correct identifying tone, loops the service channel 
output of the receiver in the eastbound circuit to the service channel 
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input of the westbound transmitter. A similar loop is made between 
the westbound and eastbound circuits. Included in this loop circuit are 
a gate stage and a balanced modulator. The gate stage is cut off upon 
failure of the 1.0- megacycle output of either receiver. Thus, if a failure 
occurs in receivers A or B, or in the westbound transmitter, T1i the 
test loop through the station is broken. The identifying test tone 
normally passed through the loop circuit is modulated at the balanced 
modulator by the 60 -cycle and 120 -cycle voltages originating in the 
automatic frequency control circuits of the outgoing transmitter, T,. 
If operation of T2 is normal, the 120 -cycle voltage is high and the 
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Fig. 7 -Block diagram of two -way relay station showing method 
employed for location of relay circuit failure. 

60 -cycle voltage is low. If the carrier frequency of T2 has drifted 
abnormally, the 60 -cycle voltage is high and the 120 -cycle voltage is 
low. Neither the 60 -cycle voltage nor the 120 -cycle voltage is present 
if T2 fails entirely. Thus, the modulation of the identifying tones at a 
relay station by these 60 -cycle and 120 -cycle voltages is an indication 
of the operation of the outbound transmitter, T2. 

The fault -tone generator and fault -tone receiver provided at termi- 
nal stations for loop testing are illustrated in Figure 8. The fault -tone 
receiver which permits the operator to analyze the returned tones, 
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demodulates these tones and provides a comparison of the relative 
amplitudes of the 60 -cycle and 120 -cycle voltages which modulate the 
identifying tone at the appropriate relay station. 

When some types of failure occur (such as failure of an outbound 
transmitter) the operator at a terminal station can readily trace the 
trouble to a particular station. For other types of trouble, such as 
failure of a receiver on the inbound circuit, the operator can trace the 
trouble to only two possibilities: the first station which fails to return 
the tone, or the one preceding it. However, the terminal station opera- 
tors at opposite ends of the circuit are usually in communication 
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Fig. 8 -Block diagram of fault -locating equipment employed at 
terminals of two -way relay circuits. 

through the duplicate fall -back equipment, or alternate -route circuits, 
generally employed in telephone and telegraph systems. By working 
cooperatively, these operators can trace a failure to a particular station 
regardless of the type of failure. 

Each relay station is also provided with an audio oscillator the 
frequency of which is the same as the identifying tone for that station. 
This oscillator, which is connected to the service channel, is normally 
inoperative but may be switched on automatically and keyed in certain 
code sequences to indicate abnormal conditions at the relay stations, 
for example- operation of emergency power supplies, failure of auxili- 
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ary equipment, illegal entry. The output of this oscillator is applied to 
the service channels of both eastbound and westbound circuits. Upon 
hearing these keyed tones in the loudspeaker of the tone receiver, the 
terminal operator can determine the frequency of the incoming tone by 
switching the output of his tone generator to the input of the fault -tone 
receiver, and then adjusting for zero -beat with the incoming tone. 
The frequency of the incoming tone identifies the relay station at which 
the tone originated. 
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Fig. 9- Equipment arrangement at a relay station for one direction of transmission. (The equipment shown is duplicated for the opposite direction 
of transmission, except for the fault -locating unit which is common to both 

sides of a two -way circuit.) 

EQUIPMENT 

The equipment has been designed to permit installation of the 
radio- frequency head -end units adjacent to their associated antennas 
on towers or roofs of buildings, with the bulkier, lower- frequency 
equipment installed in radio rooms some distance removed from the 
head -ends and antennas. Figure 9 shows a typical relay station ar- 
rangement for one side of a two -way circuit. The equipment illustrated 
is duplicated for the other direction of transmission, with the exception 
of the fault -locating unit which is common to both sides of a two -way 
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circuit. Connected to each transmitter and receiver head -end is a 

control unit which provides a small degree of frequency adjustment 
of the remote radio -frequency head -end unit, and which permits meter- 
ing of the remote circuits. These control units also contain the low 

frequency portions of the automatic frequency control circuit. Service 

Fig. 10- Transmitter head -end unit with front cover of weatherproof box 
opened for accessibility of controls. 

channel connections are provided in the transmitter control unit. Co- 

axial lines carry the 32- megacycle intermediate -frequency currents 
from receiver head -end units to intermediate- frequency units, and 

1.0- megacycle currents from intermediate- frequency units to trans- 
mitter head -end units. 
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Figure 10 is a photograph of the transmitter head -end unit with 
the cover of its weatherproof box opened for accessibility of controls. 
Controls are provided on the front panel for such adjustments as that 
of the internal cavity of the reflex oscillator tube, reference cavity 
employed in the automatic frequency control circuit, coupling loop, and 
repeller voltage of the reflex oscillator. Metering circuits provide means 
for testing operation of the unit and also provide essential information 
on the performance of the remote lower- frequency equipments. Each 
transmitter head -end unit is equipped for connection of a telephone 
handset when service -channel communication is desired. 

Fig. 11- Transmitter head -end with hinged front panel opened for 
accessibility of components. 

Figure 11 shows the transmitter unit with the hinged panel swung 
open for accessibility of components. The typé +2K56 reflex oscillator 
tube appears in the upper lefthand corner. This tube provides approxi- 
mately 100 milliwatts output power. Its 70 -ohm output circuit is 
coupled through the tapered line section (shown just under the tube) 
to a 50 -ohm double -slug tuner (shown at the bottom of the plumbing 
assembly), to which is connected the coaxial line feeding the antenna. 
The second coaxial line (seen at the bottom of the box) carries the 
1.0- megacycle subcarrier from the distant intermediate -frequency unit 
or modulator unit. Very little voltage is required for modulating the 
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2K56 tube; a repeller electrode voltage change of only one volt results 
in a frequency change of one megacycle. The coaxial cavity which 
establishes the reference frequency in the automatic frequency control 
circuit may be seen in the center of the upper assembly. When the 

' w-.,.'.-- 

Fig. 12- Receiver head -end unit with front cover of weatherproof 
box opened for accessibility of controls. 

panel is closed, the plumbing assembly swings into the temperature - 
controlled oven supported by the box. 

The mechanical arrangement of the receiver head -end unit shown 

in Figure 12 is quite similar to that of the transmitter. A 2K56 reflex 

oscillator tube is also used for the local oscillator, which is controlled 
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by an automatic frequency control circuit identical with that employed 
in the transmitter. The radio- frequency circuits include a preselector 
cavity to reduce image response and local oscillator radiation. 

Figure 13 shows the ground -level equipment required at a relay 
station of a two -way circuit. Each rack contains, starting at the top, 

Fig. 13 -Lower frequency equipment for a two -way relay station. 

transmitter control unit, first receiver control unit, first intermediate - 
frequency unit, diversity receiver control unit, diversity receiver inter- 
mediate- frequency unit, and regulated power supply. The fault -locating 
unit is shown at the bottom of the left -hand rack, 
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Figure 14 shows similar equipment for the terminal station of a 

two -way relay circuit. The transmitting and receiving equipment con- 
tained in the left -hand rack is identical with that employed for a 
one -way relay station. The right -hand rack contains the subcarrier 

Fig. 14 -Lower frequency equipment for a two -way terminal station. 

modulator unit, fault -tone receiver, fault -tone generator, subcarrier 
demodulator unit, and regulated power supply. A rear view of this 
terminal station equipment, with dust covers removed, is shown in 
Figure 15. 
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iii 1IHH 

Fig. 15-Rear view of the lower frequency equipment at a two-way 
terminal station. (Dust covers removed.) 
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The performance characteristics of the equipment are summarized 
in Table I. 

Table 1 

SPECIFICATIONS 

Frequency range 
Transmitter power 
Transmitter frequency stability 
Receiver local -oscillator frequency 

stability 
Receiver bandwidth 
Modulating frequency range 
Overall system frequency response 

Antenna gain 
Antenna beam width 

Power consumption -2 -way relay 
equipment 

Power consumption -2 -way terminal 
equipment 

3900 -4400 megacycles 
0.1 watt -approximately 
± 0.02 per cent -approximately 

} 0.02 per cent -approximately 
4.0 megacycles 
30 cycles to 150,000 cycles 
within -±- 1.0 decibel over range 
of 30 to 150,000 cycles 
32 decibels -approximately 
6 degrees, approximately, 
between half -power points 

1400 watts 

1200 watts 

NEW BRU S 

TEN MIL 
RUN 

BORDENTOWN 

Fig. 10-Map showing locations of stations in the experimental microwave, 
relay circuit. (The route between New York and Ten Mile Run, after ins. 

stallation of the Woodbridge station, is indicated by the dotted lines.) 



MICROWAVE RELAY 593 

EXPERIMENTAL RELAY SYSTEM 

Figure 16 shows the station locations for an 85 -mile, three -hop, 
two -way relay system connecting New York and Philadelphia. This 
system was placed in operation, using experimental models of 3300 - 
megacycle equipment, during April, 1945, and was used for a study of 
propagation characteristics, and for traffic-handling tests, until Feb- 

Fig. 17- Two -way relay station at Bordentown, N. J. 

ruary, 1946. At this time the early experimental equipments were 
removed and the newer types of 4000 -megacycle equipment described 
in this paper were installed. Operation was resumed during May, 1946, 
A third relay station is now being constructed at Woodbridge, N. J., 
since earlier tests had shown transmission between Ten Mile Run and 
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New York City to be affected by obstructions near the center of the 
path. 

Figure 17 shows the tower installation at Bordentown, N. J. In- 

stallations at other relay stations are very similar. The tower, which 
is a standard forestry fire- watcher's type, is 100 feet high. The upper 
antennas and parabolic reflectors, which are four feet in diameter, are 
mounted on the side of the tower cabin. Two transmitter and two 
receiver head -end units are installed inside the cabin just behind their 
associated antennas. The diversity receiver head -end units and anten- 
nas are located about twenty -five feet lower on the tower. 

Fig. 18- Roof -top installation at Philadelphia, Pa. (The frame at the right 
will be used for a second New York- Philadelphia circuit.) 

Figure 18 is a photograph of the roof -top installation at the Phila- 

delphia terminal. The transmitter and receiver head -end units are 

mounted directly behind the parabolic reflectors. The diversity receiver 

and the lower- frequency equipment are installed in a small room just 
under the antenna supporting structure shown. This Philadelphia 

terminal station is connected by underground cable pairs with the 

Western Union office approximately a half -mile away, and multiplexed 

telegraph signals derived from standard Western Union frequency- 
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division channelizing equipments are carried to and from the terminal 
station on these cable pairs. 

The New York terminal station is installed at the Western Union 
building at 60 Hudson Street. The upper level receiving and transmit- 
ting antennas and head -end units are located on the roof. The diversity 
equipment and the lower frequency units are installed in a room on 
the 24th floor. 

SYSTEM PERFORMANCE 

The high front -to -back power ratios of the antenna systems have 
permitted the entire circuit to be operated on only two carrier fre- 
quencies. During the second test period, the transmitters at Philadel- 
phia and Ten Mile Run operated at 3970 megacycles; the transmitters 
at New York and Bordentown operated at 4120 megacycles. 

Continuous graph recorders were used to provide a relative indica- 
tion of received signal strength. These recorders traced the variation 
in the grid current of the first 32- megacycle limiter tube. 

Several types of fading were observed. One was a relatively slow 
variation, usually occurring during the night and early morning hours, 
which continued over a period of one to several hours. The decrease 
or increase from the normal signal depended on the clearance of the 
path above terrain. For example, the signal variations were relatively 
small between Bordentown and Philadelphia where the calculated line - 
of- sight, based on actual earth's curvature, was 100 feet above grazing. 
Here, the decrease from normal signal during these slow -fade periods 
rarely exceeded 10 decibels. Between New York and Ten Mile Run the 
calculated path was 30 feet above the earth's surface, but line -of -sight 
did not obtain because of mid -path surface obstructions such as trees 
and buildings. These obstructions resulted in a normal signal about 
6 decibels below the calculated free -space value. Here, signal variations 
were large; occasional fades greater than 25 decibels from normal 
signal were noted, and the signal occasionally increased to the calcu- 
lated free -space value. This type of fading appears to be quite similar 
to that observed in the ultra- high- frequency region." 

The signal over the obstructed path between Ten Mile Run and New 
York occasionally faded out during these periods of slow fading. Since 

9 C. R. Englund, A. B. Crawford, and W. W. Mumford, "Ultra- Short- Wave Transmission over a 39 -Mile `Optical' Path," Proc. I.R.E., Vol. 28, No. 8, pp. 360 -369, August, 1940. 
10 Albert W. Friend, "A Summary and Interpretation of Ultra -High- Frequency -Propagation Data Collected by the late Ross A. Hull," Proc. 

I.R.E., Vol. 33, No. 6, pp. 358 -373, June, 1945. 
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it was not practicable to erect a tower at Ten Mile Run tall enough to 

provide the necessary line -of -sight clearance, this unreliable hop is 

being eliminated and a third relay station is being installed at Wood- 

bridge, N. J. 
A second type of fading, the practical effect of which was much 

more serious than the first, was also experienced, especially during the 

summer months. This was a relatively rapid fading; the signal fre- 
quently varied, over a period of several minutes, from values below the 

thermal -noise level of the receiver to values greater than normal. 

This type of fading is illustrated in Figure 19 which shows fading 
of signals received at Philadelphia from June 22 to June 29, 1945. The 

rapidity and violence of this fading indicated multipath transmission 
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Fig. 19 -Chart showing fading at 3475 megacycles on the 26.5 -mile circuit 
between Bordentown and Philadelphia during June 1945. (Graph shows 
maximum and minimum signals for each hour during rapid fading periods, 

and average signals for each hour during the slower fading periods.) 

with reinforcement and cancellation occurring between signals arriving 
over different paths, varying in length by multiples of one -half wave- 

length. Increased transmitter power was not helpful in eliminating 
outages caused by this type of fading. Tests between Bordentown and 

Philadelphia were made using an antenna input power of 12 watts, and, 

in these tests, fading of greater than 50 decibels from normal signal 

was observed. 
To eliminate circuit interruptions resulting from this supposedly 

multipath type of fading, the system was modified to provide the 

diversity reception operation described earlier in this paper. A vertical 
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the antennas by about 25 feet was sufficient for this 
very short wavelengths (7.5 centimeters) are involved, 
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Fig. 20- Reproduction of original charts showing 4120 -megacycle signal variation at the diversity -operated receivers at Philadelphia during a severe 
fading period. 

upper receiver twice faded to the noise level, as did the signal in the 
lower receiver. The fades at the two receivers, however, did not occur 
simultaneously, and circuit operation was not interrupted. Since the 
time of the installation of equipment employing this type of diversity 



598 RCA REVIEW 

reception, no circuit interruptions caused by multipath fading have 

been experienced, although frequent signal fades to thermal -noise level 

have been observed in the individual receivers. 

The performance of the relay system was entirely satisfactory when 

used as a telegraph system trunk line handling the New York -Wash- 
ington telegraph traffic normally handled by Western Union's wireline 
carrier system. During these tests, the radio circuit was substituted 
for the regular cable pair between New York and Philadelphia. Sepa- 

ration filters at Philadelphia were used to connect the radio circuit 
(which corresponds to a 4 -wire system) to the normal 2 -wire land -line 

system connecting Philadelphia and Washington. 

Western Union's Type G channeling equipment,3' employed at New 
York and at Washington, supplied four multiplexed channels, each 

approximately 3000 cycles wide, in each direction. The four multi- 
plexed channels from New York to Washington occupied the frequency 
band from 0.5 to 13.9 kilocycles; the four multiplexed channels from 
Washington to New York occupied the frequency band from 17.3 to 

30.7 kilocycles. Each of the 3000 -cycle width channels was divided by 

Western Union's Type 15 terminal equipment at the New York and 

Washington terminals into nine or ten telegraph channels, each 160 

cycles wide. Thus, approximately 36 telegraph channels were carried 
in each direction. Since Western Union's mechanical time -division 
multiplex system3 permits operation of four telegraph- printer circuits 
in each of these 160- cycle -width telegraph channels, the test setup 
provided facilities for the simultaneous transmission of approximately 
144 messages in each direction. During the tests the actual traffic 
reached a peak load of 109 messages. 

The signal -to -noise values shown in Table 2 were measured in the 
various types of channels provided by the Western Union terminal 
equipment under conditions simulating the traffic loads mentioned 
above. The test -tone level for each channel corresponded to the com- 

bined levels of the multiplexed telegraph signals normally contained in 

that channel. 

Table 2 

Channel or Test Tone Level at Noise Level at 
Block Width Output of Channel Output of Channel Signal /Noise 

(Cycles) (db) (db) (db) 

15,000 + 29 - 29 58 
3,000 + 19 - 34 53 

160 -I- 1 - 45 46 
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The interchannel crosstalk occurring in Western Union's Type G 
multiplexing equipment is approximately 50 decibels. This crosstalk 
level in the multiplexing equipment was too high to permit any precise 
measurements of the crosstalk contributed by the microwave relay 
system; however, no increase in this crosstalk level was observed when 
the relay circuit was included in the system. 

During extended test periods in which Western Union's New York - 
Washington traffic was handled, the performance of the radio circuit 
was indistinguishable from that of a normal wire -line carrier circuit. 
The reliability of the radio system has also compared very favorably 
with that of land -line facilities. 
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Fig. 21- Station arrangement for the Western Union Telegraph Company's microwave relay system connecting New York, Washington, and Pittsburgh. (The figures between stations indicate distance in miles.) 

SYSTEM APPLICATION 

A microwave relay trunk -line system of the type described is now 
being installed by the Western Union Telegraph Company to connect 
New York, Washington, and Pittsburgh.3 The station locations of this 
system are shown in Figure 21. A second circuit connecting New York 
and Philadelphia is included in this system. 

The triangular arrangement of the New York, Washington, Pitts- 
burgh circuits will provide the "alternate route" type of fall -back 
facilities normally employed in Western Union's land -line systems. If 
a failure occurs in one side of the triangle, traffic is switched to spare 
multiplexed channels normally provided in the other two sides of the 
triangle. The present experimental circuit will be used as a fall -back 
circuit for the separate New York -Philadelphia system. 

The sites for this system were selected to provide a minimum clear- 
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ance of 50 feet above obstructions such as trees and buildings with 

calculated profiles based on actual earth's curvature. 

A total of eight radio frequency channels will be required for the 

four transmitting terminals and four receiving terminals located at 

New York. It is expected that, with the low -power transmitters, and 

the frequency -modulation method employed, these same channels can 

be used for all the anticipated future circuits which will enter and leave 

the New York station, provided the paths of circuits operating in the 

same channels can be separated by an azimuth angle of at least 45 

degrees. 
This New York -Washington -Pittsburgh circuit will employ Western 

Union's newly developed 32- voice -channel multiplexing equipment3 

which will permit the simultaneous transmission of approximately 1100 

telegraph messages. 
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Air Navigation and Traffic Control by Means of 

Television and Radar 
BY 

D. H. EWING AND R. W. K. SMITH 

Engineering Products Department, RCA Victor Division, 
Camden, N. J. 

Summary- Wartime development of radar techniques offer a new ap- 
proach to the problem of improving air navigation and traffic control, two 
fields in. which existing equipment is obsolescent. Since no one military 
equipment appears to be ideally suited for solving the many problems, a 
re- investigation of the requirements necessary to handle very heavy traffic 
is first made. 

After analyzing the requirements, a system is described which appears 
to fulfill these requirements and offers unique advantages. In this system 
(Teleran), aircraft position information is presented to ground observers 
and controllers on a series of plan position indicators. One indicator is used 
for each altitude layer. Information on the position of aircraft in a given 
altitude layer is superimposed on a map of the region covered by the ground 
radar; this, together with weather, traffic control, and other desired infor- 
mation, is transmitted by television to each aircraft in the region. Each 
cooperating aircraft is equipped with a transponder beacon which serves not 
only to reinforce the radar echo but also to provide an altitude- dependent 
reply which allows the ground station to differentiate among aircraft by 
altitude. 

The application of this system to concrete problems of navigation and 
traffic control is also discussed. Included are the problems of enroute navi- 
gation, approach and landing procedures, automatic flight and landing, 
collision prevention, personal identification and communication, and air 
traffic control. 

THE AIR NAVIGATION PROBLEM 

T IS THE purpose of this paper to describe a system for air navi- 
gation and traffic control which is built around pictorial presenta- 
tion of information to both the pilot and the ground controller. It 

is made possible -and practical -by the combination of television and 
radar techniques. This system, based upon certain proposals' by L. F. 
Jones, was later amplified essentially to the form to be described in this 
paper with the collaboration of P. J. Herbst and Irving Wolff. Such a 
system is urgently needed because of the enormous increase in traffic 
both on and off the airways, an increase which most probably cannot 

"` Decimal Classification: 629.132.5 x R583 x 537. Presented at the National Electronics Conference, Chicago, Illinois, on October 4. 1946. 
1 P. J. Herbst, L Wolff, Douglas H. Ewing, and L. F. Jones, "The Tele- ran Proposal ", Electronics, Vol. 19, No. 2, pp. 124 -127, Feb., 1946. 
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be handled by existing equipment or methods of operation. It is no 
longer possible to add another piece of equipment in the airplane or 
on the ground to provide a new facility, nor simply to shift frequency 
to provide more reliable operation. A new approach to the over -all 
problem is necessary, aimed at simplification of equipment by integra- 
tion of the parts into a well coordinated system. A reduction in the 
burden on the pilot and the ground controller is likewise necessary. 

The required features of a new system will first be outlined. The 
techniques available for providing these features will then be examined, 
after which the Teleran system will be described. The requirements 
are: 

(1) The information for navigation, traffic control, collision 
prevention, landing and taxiing must be presented to the pilot in a 
simple, natural, thoroughly understandable manner -a manner so 
obvious that little skill will be required for its use. 

(2) All weather operation must not be restricted by the navi- 
gation system, even if it continues to be limited by the structural 
strength of airframes. 

(3) The traffic controllers along the airways and at the air- 
ports must be provided with accurate information as to the present 
and future positions of all aircraft so that a smooth flow of traffic 
may be maintained. Efficient use of the airspace, emergency control, 
simplification of the controllers' work, and flexibility of routing 
must also be provided. 

(4) In view of international language differences and the pres- 
ently overloaded state of communication facilities, a new system 
should sharply reduce dependence on voice communications. 

These four requirements dictate the use of radar. The type of radar 
and the amount and type of auxiliary equipment are further defined by 
the following additional needs: 

(5) The weight and complication of the equipment carried in 
the aircraft must be minimized. 

(6) The system should be capable of extension to provide auto- 
matic flight and automatic landing for airplanes requiring those 
services. 

(7) The system should be capable of providing supplementary 
information such as weather data. 

(8) Identification of individual aircraft by ground personnel 
should be automatic and practically instantaneous, or, better still, 
should be unnecessary. 
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(9) The system must be capable of expansion to meet the 
demands of continually increasing traffic density, and saturation 
in this respect must be as nearly non -existent as possible. 

( 10) It should be incapable of giving incorrect navigation 
information or should provide instant and positive indication of 
any failure in the system. 

(11) When used for general navigation purposes, it should 
not require the constant attention of ground personnel. 

(12) The system should allow pilot participation in traffic 
control, and provide him sufficient data to avoid collisions. 

(13) The system should provide assistance in locating dis- 
tressed airplanes. 

One remaining requirement, not strictly technical, is nevertheless 
extremely important. The system must be such that its adoption will 
not create a chaotic condition in the aviation industry. The transition 
period must be orderly regardless of the facilities then in use. At no 
time during the transition to the new system can there be a reduction 
in the services available to the pilot. 

Analysis of the requirements delineated above shows that radar 
alone is not suitable for a comprehensive system. Airborne radar 
equipment is relatively heavy and bulky, and requires a high degree 
of skill and experience for operation. Limitations on antenna size make 
it difficult to produce information of sufficiently high definition. Pilot 
familiarity with terrain and routes would still be required, even if high 
definition pictures were obtained at the expense of payload and drag. 
Most important of all, the data from airborne radar is completely con - 
contained within the airplane and is therefore unavailable to traffic 
control personnel on the ground. 

Ground radar also has shortcomings. The definition and coverage 
can, of course, be as complete as necessary without having to consider 
weight or drag. The information, however, is not available to the pilot. 
Unless other means are provided he has no collision warning, nor can 
he locate himself quickly or check drift, particularly in bad weather. 
The solution is to send a radar picture to the airplane which has been 
obtained on the ground and altered in several important ways. Televi- 
sion appears to be uniquely suitable for sending such a picture aloft 
and fortunately, television know -how is available to make such trans- 
mission practical. 

THE TELERAN SYSTEM 
General Description 

Essentially, Teleran employs a ground search radar which surveys 
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the air space of interest and displays on a cathode ray tube the informa- 
tion thus received. This radar presentation is viewed by a television 
camera, a map of the area is superimposed, and the combination picture 
is broadcast by a television transmitter. The picture is reproduced by 
a television receiver in the airplane and the pilot sees his plane as a 
spot of light moving across a map; other planes appear as different 
spots of light, each moving according to its actual course. 

Since the received picture would be confusing if all radar echoes 
were displayed in the aircraft and since each pilot is primarily inter- 
ested only in those aircraft at approximately his own altitude, the 
Teleran system includes a method of separating the radar echoes 
according to altitude and transmitting a separate picture (by time 
sharing methods) for each altitude level. This is accomplished by 
having each aircraft carry a transponder, which consists of a receiver 
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Fig. 1- Functional diagram of basic Teleran system. 

and transmitter connected together so that the transmitter emits one 
or more pulses when the receiver picks up a pulse from the ground 
radar. If the transponder emits two pulses separated by a time interval 
which depends on the airplane's altitude, a discriminator at the ground 
station can be made to sort out automatically the responses according 
to altitude. Other methods of coding are of course possible, but the 
foregoing description illustrates the principles involved. These prin- 
ciples were first proposed by RCA in 1941 and have since been adopted 
in other navigation systems. The transponder also increases the range 
of the radar equipment, and by use of a reply frequency different from 
that of the ground radar transmitter, confusing radar echoes from 
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ground objects are eliminated. Aircraft flying at low altitudes may 
thus be easily distinguished. The various components described above 
are illustrated in Figure 1. 

The combination picture of map and radar indications can be pro- 
duced in several ways. Probably the most satisfactory method is as 
shown in Figure 1, where a transparent sheet carrying the proper lines 
and symbols is placed between the radar tube and the television camera. 

Figure 2 shows the picture seen in an airplane flying between 
10,000 and 15,000 feet. Airplanes are shown by their radar pips, and 
the pilot's own plane is identified by a radial line passing through 

Fig. 2- Typical picture received at high altitude. (Data in large block shows altitude, barometric setting, and communication frequencies for air- ways station (A8), Wilkes -Barre (WI) and Allentown (XA). Large "8" in center identifies area covered by this Teleran station -overlapping Teleran areas are denoted by numbered arcs. Numbers in pentagons repre- sent altitude layers. Central "6" indicates picture is for 10,000- 15,000 feet. The "5 " 's show where descending planes will enter next lower altitude layer. Wind is shown by arrow as being 20 miles per hour at 25 °.) 
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the proper pip. Each pilot sees a different line which passes through the 
pip corresponding to his plane. The flight altitude, wind direction and 

velocity are shown, as well as the television receiver channel assigned 

to this particular area. The arcs near the edge of the picture show the 

overlapping coverage of adjacent ground radar and television stations 
with their associated receiver tuning. In each case the number 6 indi- 
cates the 10,000- 15,000 foot altitude level. Other data can of course be 

added. Red lines will show the heading of the plane; they are engraved 
on a transparent disk in front of the television tube and rotated by a 

servo link with the stabilized gyro compass. The various features of 

the picture will be discussed in greater detail later in connection with 
enroute navigation. 

It is proposed that the airspace up to 30,000 feet be divided into 
altitude levels approximately as follows: 

0- 2,000 feet 
2,000- 4,000 
4,000 - 6,000 
6,000- 8,000 
8,000 -10,000 

10,000- 15,000 
15,000- 20,000 
20,000- 30,000 

Other choices of altitude division can be made, but it seems desir- 
able to provide more layers where the traffic is more dense. At least 
500 feet of overlap will be available on each side of the nominal layer 
boundary, so that a pilot of a climbing or descending plane will not see 
an abrupt picture change. For example, an airplane at 2,400 feet will 
appear on both the 0 -2,000 and 2,000 -4,000 foot pictures. 

It has been mentioned previously that the method of altitude layer 
separation used in the Teleran system is that of sorting out the trans- 
ponder replies on the ground according to altitude and displaying them 
on appropriate scopes. This permits placing most of the pulse separa- 
tion or decoding equipment on the ground, and an attendant saving 
of weight in the airplane. Another reason for using this method is that 
the pilot of an airplane may look at any other altitude layer without 
having to be in or near it, thereby reducing traffic hazards. 

The basic system therefore requires a ground search radar, ground 
selection equipment to separate the transponder responses according to 
altitude levels, television cameras for picking up radar presentations 



TELERAN 607 

and maps, television transmitters for sending the pictures aloft, plus 
a television receiver and transponder in the airplane. 

This system is also useful for landing aid and for airport traffic 
control when suitable radars are employed. The radar stations will 
hereafter be called airways search radar, airport search radar, and 
landing radar. They will be described separately in some detail, to- 
gether with the part each plays in the solution of the overall air 
navigation and traffic control problem. Figure 3 shows pictorially the 
relationships between the various radar units. 

The traffic density in the Washington -New York- Boston area is the 
highest in the United States. In such a region the number of radar 
(and television) stations necessary to provide airway coverage is 
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Fig. 3- Sketch depicting complete Teleran installation. 

virtually the same as that required for complete coverage. Major air- 
ports are also numerous so that a large number of airport installations 
is justified. In less congested areas, desired air lanes can be covered by 
a number of stations smaller than that required for complete geo- 
graphic coverage. 

In addition to traffic density, the required number of television 
stations in an area is influenced by the desired minimum altitude 
coverage and terrain contours and to a lesser extent by radio frequency, 
polarization and soil conductivity. These factors also affect the number 
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of frequency channels required to prevent interference. A study of 
the propagation characteristics of frequencies which might be used 
indicates that a maximum of thirteen channels would be necessary for 
the high -power airway television transmitters when complete geo- 
graphical coverage is desired. 

The airport television transmitters are not required to cover an 
extensive area either in distance or altitude. About eight channels 
should be sufficient for nearly any combination of airport spacings 
where large aircraft are landed. 

The coverage of any one airway radar station in the Teleran system 
has been limited to 50 miles in radius. This might appear to be un- 
necessarily conservative. Even including normal refraction, however, 
line of sight at 75 miles requires an altitude of 2,800 feet. Low angle 
coverage would be rather poor, even if all planes were equipped with 
transponders. Fifty mile radius service area appears to be a realistic 
value to use in predicting coverage. 

Application to Enroute Navigation 
A typical picture received in an airplane flying between ten and 

fifteen thousand feet has been shown in Figure 2. At this altitude the 
topography of the ground is of little interest, and only the major 
features are included. The airways and their headings are displayed, 
together with the frequency channels to be used, the wind data and 
the barometric correction. Other pertinent data such as the existence 
of a line squall, anticipated icing regions, etc. could be added. 

Besides seeing the position of all aircraft near his altitude, the pilot 
is able to see the direction in which they are traveling. This is due to 
the radar cathode ray phosphor material which causes a "trail" to 
appear on each signal, like a tail on a comet. This trail represents the 
ground track made by each aircraft for a short period preceding each 
observation. Other and possibly superior means for achieving this 
presentation are being investigated. 

The radial self- identification line is obtained by televising a me- 
chanical marker which rotates in phase with the ground radar antenna. 
It is normally invisible, appearing in the television picture only when 
the transponder is active. Since the transponder is active only when 
the radar is pointing at it, the radial line necessarily passes through 
the proper pip, and each pilot sees a different radial line which indicates 
his own plane. Simple circuit means are provided to insure that the 
line appears only in relation to the proper radar station, so that no 
confusion can result when the transponder is interrogated by two 
radars in overlapping regions. 
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When an airplane is flying at a low altitude, the pilot is interested 
in more topographical detail; he should also be informed of current 
airport approach paths and he requires more traffic control instruc- 
tions. Figure 4 represents the Scranton -Allentown sector as shown to 
pilots flying in the 2,000 -4,000 foot altitude layer. Approach patterns 
for Scranton, Wilkes -Barre and Allentown are shown for the existing 
wind condition. Terrain features too low to be of interest to high -flying 
planes but of vital interest to low -flying ones are also shown. Other 
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Fig. 4- Typical picture received at 2,000 -4,000 feet. (Wilkes -Barre and 
Allentown Teleran approach control zones are shown in dashed circles, with 
let -down paths into those areas. Contour lines are shown for 2,000 feet.) 

data may of course be added whenever the need arises, to be erased or 
removed when no longer necessary. 

Automatic Flight by Teleran 
Although the need for automatic flight is less urgent than for some 

other types of service, Teleran would be much less useful if this service 



610 RCA REVIEW 

were not easily available for both on and off airway flight. The data 
needed are range and azimuth of the aircraft from the station. These 
data, together with the coordinates of the destination with respect to 
the station, are fed to a computer, whose output goes to the automatic 
pilot. 

In Teleran, the azimuth information is obtained by transmitting 
an omnidirectional pulse from the television transmitter at the instant 
the radar antenna is pointing north. Azimuth is measured by elec- 
tronically counting in the airplane the time interval between reception 
of the North pulse on the television channel and that of the direct inter- 
rogation pulse from the radar beam. The azimuth information so 

Fig. 5- Azimuth and distance meters. (No additional frequency channels 
or airborne receivers are required.) 

obtained supplements that obtained directly from the television picture, 
but is in more usable form for automatic flight and can be put on an 

azimuth meter, if desired. 
Distance information is obtained by using the airplane's trans- 

ponder as an interrogator a short time after it replies to the ground 
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station. The interrogating pulses are received on the ground and sent 
back on the television channel affording a measurement of distance 
to the station. Figure 5 illustrates these functions. 

Airways Traffic Control 
The need for revision in the method of controlling air traffic is 

caused by the constantly increasing number of airplanes. Control 
equipment, however, is not easy to develop because the problems to be 
solved are concerned with characteristics of airplanes and their opera- 
tion, which are subject to considerable change. 

Although numerous and widely different methods of accomplishing 
traffic control have been proposed, the same essentials appear in all of 
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Fig. 6- Traffic control center with a number of Teleran indicators. (Each 
operator can switch to picture of other altitude layers or adjacent Teleran 
areas. Other arrangements of personnel and equipment are feasible, and 
would be determined by traffic density. For areas having dense traffic, com- 

puters and other accessory equipment can be added.) 

them. Each system includes elements to gather information continu- 
ously as to the exact location of airplanes, usually in terms of azimuth 
and distance with respect to the control station. Each system also 
provides some means of analyzing the data which has been received to 
determine whether conflicts will occur. Posting the data helps in the 
analysis, and may be done automatically. While exact identification of 
each aircraft is not necessary, it is useful to tag each one in some way- 
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for reference purposes. It is also helpful to know the intended destina- 
tion of each aircraft. 

In the Teleran system, the location of all airplanes in the area is 

obtained by ground radar. This method of obtaining the information 
is inherently safe, because the airplane's presence will be taken into 
account even if the airborne equipment fails. Also, planes without 
transponders may be included in the traffic pattern. 

With the coordinates of each airplane known, the progress may be 
checked visually to avoid collisions. In dense traffic areas, where tight 
control is necessary, the individual airplanes may be tracked and the 
data fed to a computer. Figure 6 shows an arrangement of an area 
traffic control center in a dense traffic region. 

In one type of traffic control system an airplane progressing cross - 
country or along an airway may be considered as moving through 
successive blocks of airspace; in another, it is considered to be sur- 
rounded by a moving block of space. Teleran is applicable to either of 
these divisions because both pilot and traffic controller see the limits 
of the block, and failure to keep inside a block is immediately apparent 
to them both. If the blocks are fixed they would probably be drawn on 
a map of the region. If the block is to move with the airplane, the block 
limits can be made to move by means of the cursors on the traffic 
control PPI (plan position indicator) scope. The block may be any 
shape and can be made larger or smaller without difficulty, thus giving 
high -speed airplanes proportionately greater latitude. 

The "Command" function of Teleran may be used to control an 
aircraft in an emergency, to provide special information to a particular 
airplane, and for identification purposes. The ground equipment con- 
sists of coder and narrow beam radar equipment of the "searchlight" 
type and a relatively simple decoder. When a controller wishes to 
"Command" an aircraft, he adjusts a pair of crosshairs to intersect 
on the appropriate radar pip. This action rotates the antenna beam in 
azimuth and effects a very precise range gate. Control is therefore 
limited to the airplane in question. The controller may then obtain 
identity by pushing a button causing the command interrogation to be 
coded so that this aircraft replies automatically with an identification 
signal. It is also possible to have the airplane execute one of several 
maneuvers by similar coding methods, which show in the cockpit as 
colored lights or illumination behind small windows on which are 
printed the maneuver to be performed. 

It is anticipated that the "Command" feature will be helpful in 
routine traffic surveillance. As each airplane reaches the overlap region 
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of the next station ahead, it can be interrogated, identified, and ac- 

counted for in the traffic pattern. 
In addition to the features outlined above Teleran is capable of 

accomplishing variations in patterns and transmission of information 
not possible in other systems. Any number of parallel courses can be 

established at will and flown in safety because the position of all air- 
craft can be monitored both in the plane and on the ground. Since a 

new course can be established merely by drawing it on a map, the 

STATION 
SELECTOR 

Fig. 7- Typical weather map, constantly available to pilot by switching to 
weather channel. (Area covered includes several Teleran zones, thus pro- 

viding advance information.) 

system provides a maximum of flexibility to accommodate future 
conditions. 

The prompt transmission of complete weather information is a 
unique feature of Teleran. Figure 7 is an example of the information 
which can be included. By a time scheduling arrangement, the weather 
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in other areas of interest may be substituted for the region in which 
the plane is flying. The information is of interest not only for safety 
reasons, but as a definite aid to traffic control. Advance weather infor- 
mation available in the air will reduce congestion at airports where the 
weather is changing. It should also be of value in avoiding unsafe 
areas such as line squalls or icing conditions, when such regions are 
accurately located. 

It will be appreciated that there will exist regions over which ade- 
quate coverage of 50 -mile radius will be impossible because of terrain. 
In these cases additional equipments must be sited so as to fill the gaps. 

TELERAN ZONE / ..... ,' 

t \ 
YL 
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STATION A ONLY /STATION B ONLY 

STATION A A B COMBINED 

Fig. 8- Diagram illustrating how shadow areas may be filled in by com- 
bining displays from one or more auxiliary radars. (This is most easily 
accomplished by television. Similar techniques are useful in combining 

displays in traffic control centers.) 

Data from all the equipments in a given area can be easily combined 
into a single picture which can then be used by control personnel and 
aircrew alike. Figure 8 depicts a situation of this sort. 

Application To Airport Approach 
The radar- television methods described above are ideally suited to 

the control of traffic approaching or departing from an airport. For 
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this purpose, the radar range may be greatly reduced since the airport 
surveillance need not extend beyond the distance necessary to maneuver 
the planes into the final approach pattern. As previously suggested, a 
radius of about twenty miles would probably be adequate for airport 
approach control. The presentation transmitted aloft is illustrated in 
Figure 9. Additional information has been added to that in other pic- 
tures to allow instrument approaches under most conditions. 

As in the case of airways traffic control, the airport controller is 

ALT 380 

2000 FT 
START DESCENT 

HILL 
1038 

N 5I R- E8/996 

Fig. 9- Typical approach zone Teleran picture. (The approach paths will 
accommodate relatively dense traffic. Holding courses or new air paths can 
be added and closely monitored by ground controllers as need arises. Tech- 
niques available permit information to be added as quickly as it can be 

pencilled on the chart, and subsequently erased if desired.) 

provided with enough information and flexible communication means 
to control traffic adequately. For instance, if the controller finds that 
two airplanes would arrive at the airport simultaneously, he can estab- 
lish a holding course for one of them simply by drawing a line on the 
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chart. The line may be erased when it has served its purpose. By 
procedures of this type he is able to establish an orderly flow of traffic 
within the airport control zone, and congestion can largely be elimi- 
nated. Figure 10 shows an operational set up in an airport contro! 
tower. 

Traffic instructions can be given much more rapidly and with less 
chance of misunderstanding by means of the television picture than by 
voice communication. Data of interest to all pilots and now requiring 
individual voice communications wind, ceiling, visibility and runway 
in use -are transmitted as a part of the Teleran picture. Special mes- 

.111111ii.. --. ó4.1 
1401, 

CONTROL TOWER 

Fig. 10- Control tower installation of Teleran showing approach and land- 
ing displays. (Simplicity of display enables control tower operator to 

provide "talk down" landing service.) 

sages can be sent to individual planes by pointing to the proper pip on 
the indicator and transmitting the message either verbally over the 
communication channel or graphically over the television channel, or 
via the "Command" function. 

Effective coordination between airways traffic and airport traffic 
controllers can be provided by the use of relay links between them, thus 
giving advance notice of a possible emergency. In the event traffic flow 
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toward a particular airport became great enough to warrant holding 
or stacking procedures, they could be instituted with minimum incon- 
venience to controllers and pilots. Should this traffic flow exceed the 
handling capacities of the airport, the airways traffic controller can 
direct planes quickly and safely to other airports by drawing tempo- 
rary courses on the chart. These courses can be cross -country and by 
the most convenient route. 

Since all information relative to the airport approach pattern is 
given pictorially it would normally not be necessary for pilots to use 
airport facilities charts when entering unfamiliar areas, nor to use 
airways maps even for extended flights. The prompt dispersal of 
aircraft after landing, and the general policing of the ground area 
adjacent to the runways is a necessity for efficient traffic handling. 
There is reason to believe that radar may be developed which is capable 
of performing this task, although it is admittedly one of the most diffi- 
cult to design. When such equipment becomes available, be it radar or 
of some other type, its integration into Teleran is simple and logical, 
as the presentation may be made available to the pilot as well as the 
control tower operator. 

Instrument Approach and Landings 
The Teleran system includes means of allowing aircraft to complete 

their landings on instruments. The type of display is rather unique, 
as shown in Figure 11. A vertical line representing an extension of the 
runway to be used shows the pilot when he is on course, and mileage 
marks along the line indicate the distance to the airport. A horizontal 
line shows the plane's position with respect to the correct glide path; 
that is, when the plane is at the correct altitude the line passes through 
the pip. If the plane is too high the pip is above the line, and vice versa, 
as the line and the pip move toward the airport. This line is produced 
automatically, without attention from ground or air personnel. Course 
softening, a feature recently added to beam -type landing systems, can 
be included in Teleran to aid in keeping control of the aircraft during 
the last few seconds before touchdown. Unlike any other instrument 
approach display, the Teleran display presents all aircraft which are 
on the final approach path. 

This type of presentation is similar to the well -known "crossed 
pointer" indication, but has several advantages over it. In Teleran the 
distance information is continuously and automatically displayed, elimi- 
nating the need to glance away from the picture to read a distance 
meter. The indication for the glide path has the same sensing as an 
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artificial horizon, so that a natural presentation is produced. The size 

of the picture is large and has negligible parallax, eliminating a need 

for two crossed pointer meters. The pilot sees the positions of all other 
planes on the landing path as well as his own, and can therefore make 
his let -down with complete confidence. The lines representing the 
plane's heading refer to the directional gyro. In a crosswind they help 
establish the correct heading during descent and allow a direct check 

of the amount of correction to make at the moment of touchdown. This 

Fig. 11- Picture received during final approach. (Position with respect to 

proper let -down path and the distance to airport are shown continuously 
and in convenient manner. The pilot does not change his mental concept; 
his aircraft is still a spot moving on a map. He can also see planes ahead 

of and behind him.) 

is important because the amount of crosswind usually varies during 

the letdown procedure. The landing radar used to provide this data 

would be similar to the azimuth and elevation sector scan radars of the 

Ground Controlled Approach (GCA) system. Since the search radar 

and communications gear of the GCA are not necessary for Teleran 
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landings, the size and complexity of the ground equipment is greatly 
reduced. Furthermore, no operating personnel would be required. The 
Teleran landing radar transmitters, receivers and antennas would be 
installed at the end of one or more runways and data relayed to the 
control tower. In the event that a plane is not equipped with a televi- 
sion receiver, the equipment can be used as a "talk down" system. How- 
ever, the presentation is so simple that a single observer can control an 
airplane during the letdown. 

It is expected that automatic landings will ultimately be a require- 
ment of any complete air navigation system, and provision for them is 
possible by adding a relatively simple modification kit to the Teleran 
equipment. The addition will not interfere with the television picture 
transmitted for manual landing. Even if other means were to be used 
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Fig. 12 -Block diagram of airborne equipment for Teleran. (Weight is approximately 90 pounds, and undoubtedly will be less after further devel- opment.) 

ultimately for automatic landing, Teleran provides a valuable monitor 
on the operation of the system, showing a pilot his progress and indi- 
cating the positions of other aircraft on the same landing path. 

Airborne Equipment 
Only three main controls are normally needed to operate the equip- 

ment. These are the station selector, channel selector, and the bright- 
ness control. Focus, centering, synchronization, and similar controls 
which need be set only at long intervals, and then only during pre -flight 
check, are mounted on a covered countersunk panel at the bottom of 
the receiver. Tubes capable of high brilliance and contrast make cock- 
pit installation practical as used in television presentation. 

A block diagram of the necessary airborne equipment is shown in Figure 12. It is estimated from experience with radar and television 
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equipment designed for the armed services during the war that the 

complete airborne equipment can be designed to weigh under one hun- 

dred pounds. Further development will, of course, reduce this weight. 

Planes Without Transponders 

In the case of aircraft not equipped with transponders, or in cases 

in which the transponder has failed, the ground search radar still is 

able to observe the position and movement of the plane by means of 

the radar echo instead of the transponder response. Provision is made 

in Teleran for separating such echoes from the transponder responses 

of other aircraft and displaying them exclusively on a separate indi- 

cator. Since the radar echoes do not indicate the altitudes of the cor- 

responding planes, echoes from non -beacon aircraft at all altitudes will 

be displayed on the same indicator. Depending on the menace that 
such aircraft might present to other aircraft, this data could be trans- 
mitted to some or all altitude levels automatically or it could simply 

be used by the controller to warn other aircraft by voice or written 
message. In situations in which the number of aircraft without trans- 
ponders is large, an auxiliary height finder radar could be provided. 

Small Aircraft 
While the services in the Teleran system are comprehensive enough 

for large transport plane use, the needs of smaller aircraft have not 
been overlooked. Since the Teleran receiver and transponder will prob- 
ably weigh less than 100 pounds, it will find use in small executive 
transports. Small single- engined craft will at least temporarily be 

denied the use of all of Teleran's many services. 
A little reflection will show that this apparent shortcoming is by 

no means an objection to the acceptance of Teleran as a standard 
system of air navigation. Light airplanes may appear in the near 
future which are adequate for instrument navigation. In the meantime, 
it is possible to use portions of the Teleran system to supply basic 
information such as azimuth and distance from a station. Simple 
equipment for this purpose can be built which is light enough for even 
the smallest light airplane and without adding to the ground equipment 
which is already contemplated for Teleran. Light aircraft would also 
have use of the auxiliary "talk down" low approach system which 
Teleran provides, and their presence in a traffic pattern would not 
create a hazard in spite of the fact that they were not carrying a trans- 
ponder or other special equipment. Voice communications would be 
carried on by the usual means. 
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CiONCLUSION 

By combining the information gathering capabilities of radar with 
the tremendous intelligence transmitting capacities of television, 
Teleran will provide information for the safe and rapid navigation, 
traffic control, and instrument approach of large numbers and types of 
aircraft. Teleran may be called complex. It does use considerable 
equipment, but its complexity is almost negligible compared to that of 
the problems which it will solve. Its ultimate cost can only be measured 
in terms of the service it offers. 

a 
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Summary -The design of a virtually retlectionless, vacuum-tight window 
made of mica for use in a waveguide system is described. The technique of 
manufacture and the experimental results with a number of models are 
given. Such mica windows have marry applications but are particularly 
aseful for the transmission of microwave power o1 electro- magnetic radia- 
tion in particular portions of the spectrum. 

VACUUM OR AIRTIGHT window is often needed in the 
design of microwave systems and components. Examples are 
the windows of waveguide -output magnetrons, T -R (trans- 

mit- receive) boxes, and pressurized waveguide systems. In the past, 
it has been a common practice to make such windows of glass, sealed 
to a suitable metal. In some cases, however, particularly where high 
power operation is involved, the radio- frequency losses are excessive, 
due to the types of glass which can be employed. Consequently, an 
alternate means for the transmission of power through a window is 

desirable. A solution to this problem was found by using mica as a 

window material and sealing it to metal or glass by means of a glass 
bonding material. This method greatly reduces the power transmission 
difficulties and at the same time, in certain cases, results in construc- 
tional simplifications. 

There are many applications of this technique. Among them are 
1) Windows for waveguide- output magnetrons 
2) Windows for T -R and anti -T -R boxes 
3) Vacuum or pressure seals in coaxial lines 
4) Vacuum or pressure seals in waveguide systems 
5) Windows for optical systems or phototubes requiring special 

spectral transmission characteristics 
6) Windows for X -ray tubes. 

This paper deals primarily with the theory and techniques con- 

* Decimal Classification: R310. 
j- This paper is based in whole or in part on work done for the Office of 

Scientific Research and Development under Contract OEMsr -1043 with 
Radio Corporation of America. 
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cerned with the use of windows for waveguide- output magnetrons, 
although the methods described here can be adapted very readily to 
other applications such as those listed above. 

WAVEGUIDE -OUTPUT MAGNETRONS 

With magnetrons operating at short wavelengths, the use of a 
waveguide -output necessitates that a low -loss vacuum -tight material 
be placed somewhere between the output cavity of the magnetron and 
the external plumbing. In practice this material has been a disc of 
Corning 707 low -loss glass sealed to a kovar cup soldered to the wave - 
guide. (See Figure 1) In general, this has constituted a satisfactory 
method for the transfer of radio- frequency power from the magnetron, 
but several difficulties and disadvantages inherent in the glass windows 
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Fig. 1- Cross -sectional view of a magnetron employing output waveguide. 

make it desirable to seek some other solution. The first (and perhaps 
least important) disadvantage associated with glass windows resides 
in the mechanical problems involved in making glass discs and sealing 
them in place so that the reflections from the window are not excessive. 
It is the practice to set an upper limit, usually 1.1, upon the voltage 
standing -wave ratio introduced by the window in a matched -wave- 
guide system. A more serious disadvantage is that, on occasion, 
windows "suck -in" during operation at high- output powers as a result 
of dielectric losses. Since no type of glass is available at present with 
losses substantially lower than that of Corning 707, mica was consid- 
ered as a possible alternate material. As the losses in ruby mica in 
the microwave region are only about 20 per cent of the losses in 707 
glass, the use of mica should result in considerably greater power 
outputs in waveguide- output tubes. Further gain in power handling 
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is possible because the mica windows can be much thinner than glass. 
As will be described below, considerably improved broad -band charac- 
teristics are also obtained. Because the possibility of making vacuum - 
tight seals of mica to metal' had previously been demonstrated, it was 
only necessary to determine whether the existing technique could be 
applied to obtaining a solution that was electrically satisfactory. 

THEORETICAL CONSIDERATIONS 

An understanding of the principles underlying mica -window design 
can best be arrived at on the basis of impedance considerations involv- 
ing the use of the circular impedance chart. The mica window is, in 
essence, an assembly inserted into a waveguide of characteristic im- 
pedance Z. It is desired that the impedance looking toward the mica 

(a) 

Fig. 2 (a) -Single -cup assembly. 

(b) 

Fig. 2 (b) -Double -cup assembly. 

window in either direction of the system be Z0. (It is assumed that 
the waveguide system is matched before the introduction of the 
window.) The introduction of the mica window (together with any 
necessary matching device) will cause no impedance change at any 
point in the system, provided the window produces no reflections. 

Two types of window assemblies were studied. These types are 
referred to as the "single -cup" window illustrated in Figure 2(a), and 
the "double -cup" window illustrated in Figure 2(b). While the con- 
siderations of this paper are limited for mechanical reasons to circular 
holes, at times it would be more desirable to use apertures with other 
shapes. 

1 J. S. Donal, Jr., "Sealing Mica to Glass or Metal to Form a Vacuum - 
Tight Joint," Rev. Sci. Instr., Vol. 13, No. 6, pp. 266 -269, June, 1942. 

k 



MICA WINDOTT'S (25 

SINGLE -CUP ASSEMBLY 

The single -cup assembly, Figure 2 (a), is considered first. Figure 
2 (c) is a projection showing the dimensions of the main waveguide 
(major dimension b, minor dimension a) and the diameter (b') of 
the cup hole. The thicknesses of the cup and mica are indicated by 
t1 and t.., respectively. The window assembly is essentially a compli- 
cated combination of series and shunt elements connected in a wave - 
guide of uniform cross- section. The window assembly may thus be 
considered as consisting of two short waveguide sections in series, 
the first having a vacuum dielectric and the second a mica dielectric. 
The vacuum section will be designated as section 1 and the mica section 
as 2. Section 1 has a height a and a width which, though not uniform, 
is, in practice, so close to b' (the hole diameter) that b' may be set 

(C) 

b 

131 

a 

Fig. 2(c)- Waveguide dimensions. 

for its magnitude. This value implies that the cup -hole diameter b' 
is always greater than a, which was the case in this experiment. While 
the dimensions of section 2 are less clearly defined, it is assumed that 
the waveguide choke will make the effective dimensions of section 2 the 
same as section 1. These approximations may seem rather liberal, 
but since "end effects" are completely neglected, considerable liberties 
in other respects may well be tolerated. In any event, theory alone 
was not expected to furnish a complete window design, but was em- 
ployed to indicate trends and to explain qualitatively the actual experi- 
mental results. 

Figure 3 is a schematic representation of the single -cup assembly. 
Z, and Z0 are the characteristic impedances of sections 1 and 2, re- 
spectively. Since b' < b, it follows that Z1 > Z0. Furthermore, although 
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this same condition holds in section 2, the presence of the mica results 

Ao A0 

in Z2 < Z0 for values of b lying between and = A,,, where A0 

2VE V 
is the free -space wavelength of the oscillation, E is the dielectric con- 

stant of the mica, and ,A,,, is the wavelength in "bulk" mica. This 
follows from the equation2 

Z rl i b 

E V1 - 0/2a)2 a 

In the circular impedance chart of Figure 4, let point A be the 
characteristic impedance Z, of the main waveguide normalized with 
respect to Z1. It is thus the "normalized" impedance (with respect to 
Z1) which is seen when one looks to the left of a plane through a of 

t 

z1 L2 
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Fig. 3- Characteristic impedances -single -cup assembly. 

Figure 3. The normalized impedance looking to the left of a plane 
through ß is point B of Figure 4. The phase shift 0 in going from 

ti 
a to ß is 4.7 -. The value of B is then normalized with respect to Z 

A0 
(assume Z0 < Z,,) and appears as point B' on the same figure. By a 
proper choice of mica thickness, the impedance at y can be made to be 
purely resistive and be given by point C'. The mica thickness required 

t2 
will be that for which O., = 47- . If C' is now normalized with 

Am 
respect to Z0, a value Z, is obtained which is the impedance seen when 
one looks out of the main waveguide into the window assembly at 
plane y. It is obvious that although Z, can be made real, it can never 
be made exactly equal to Z,,, so that a system of this sort will always 
set up a standing wave in a matched system. For this case, the voltage 

Z0 
standing -wave ratio is . However, by designing the system so that 

Zo 

J. C. Slater, MICROWAVE TRANSMISSION, McGraw -Hill Book 
Co., New York, N. Y., 1942 (p. 185, Equation 24.2). 
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611 (and correspondingly B_) is made very small, Z0 can be made to 
approach Z with a consequent reduction in voltage standing -wave 
ratio to an acceptable value. This can be accomplished by making t1 

(and correspondingly t_) very small, or by letting b approach b'. As b 
approaches b', Z1 approaches Z until no appreciable "phase shift" 
occurs in section 1. As a consequence, little phase shift is required in 
section 2. This shift is accomplished physically by using a thinner 
section of mica. In certain cases, however, the minimum voltage 
standing -wave ratio that can be obtained is still excessively high. In 

Fig. 4- Impedance chart for single -cup assembly. 

these cases, perfect match can be obtained by matching the mica 
window system into the standard waveguide by means of a section 
of quarter -wave transformer or by a tapered section. Since these 
matching sections differ only slightly in dimensions from a standard 
waveguide, a broad -band match is obtained. The theoretical conclu- 
sions for the single -cup assembly may be summed up as follows: 
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1) A perfect match can be attained only by the use of a matching 
section. 

2) For a given cup -hole diameter, improved match (lower voltage 
standing -wave ratio) can be obtained by using a thinner cup 

and thinner mica. 

3) For a given thickness, improved match can be obtained by in- 

creasing the hole diameter and by using thinner mica. 

As will be seen, these conclusions are borne out by experiment. 

In view of the thinness of the window, it appears that a treatment 
of the problem in which the iris is considered as a shunt circuit might 
be more suitable. In this case, the desideratum would be to design 
the window for resonance at the middle of the operating band. An 
actual treatment along these lines was carried out and yielded the 
same qualitative conclusions as the series treatment. 
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Fig. 5- Characteristic impedances- double -cup assembly. 

DOUBLE -CUP ASSEMBLY 

Figure 5 is a schematic representation of the "double -cup" assembly 
shown in Figure 2 (b) . 

Although the double -cup assembly can be designed in any desired 
form, it is convenient to make t1 = t3 and to use the same hole diameter 
in both cups. The theoretical treatment will be worked out for this 
special case. Its extension to the general case, however, is quite similar. 

The projected view of the essential dimensions of the double -cup 
assembly is shown in Figure 2 (c) . As before, the mica section is 
referred to as section 2, the other two sections, one in vacuum and the 
other in air, are referred to as sections 1 and 3 respectively. Once 
again Z1 > Z0, Z., < Z0, Z3> Z0. In Figure 6, point A is the value of 
Zo normalized with respect to Z1. Point B is the value of the impedance 
to the left of ß normalized with respect to Z1. Point B is then nor- 
malized with respect to Z0 and appears as point B' on the same figure. 
By a proper choice of mica thickness, the impedance at y can be made 
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equal to that at ß, with the reactive term of opposite sign. This 
reactive term is shown as point C'. Point C' is now normalized with 
respect to Z3 = Z1 and is shown as point C ". If t3 = t1, the impedance 
at 8 (normalized with respect to Z1) is equal to point A. The final 
impedance (looking to the left) at 8, normalized with respect to Z,, 
is Z0, and the system is therefore undisturbed by the introduction of 
the window assembly. Thus, these studies indicate that the double -cup 
assembly is essentially superior to the single -cup type because a "per- 
fect" match can be achieved without the use of an additional matching 

Fig. 6- Impedance chart for double -cup assembly. 

section. The mica thickness required is proportional to the thickness 
of the cup and inversely proportional to the hole diameter. In this 
respect both types of assembly are similar. 

FREQUENCY DEPENDENCE 

A theoretical study was made of the frequency dependence of both 
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single- and double -cup assemblies. A single -cup design which gave a 

voltage standing -wave ratio of 1.02 had a voltage standing -wave ratio 

of 1.06 at frequency deviations of ± 20 per cent. A double -cup assembly 

of the same cup thickness and opening, with mica thickness designed 

to yield match, had a voltage standing -wave ratio of 1.09 at - 20 per 

cent frequency and a voltage standing -wave ratio of 1.10 at + 20 per 

cent frequency. This study indicates, therefore, that the single -cup 

assembly is superior with respect to frequency dependence. 
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Fig. 7- Variation of voltage standing wave ratio with mica thickness 
for several window diameters (single -cup). 
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Fig. 8- Variation of mica thickness at minimum voltage standing wave 
ratio with window diameter (single -cup). 

EXPERIMENTAL CHECK OF THEORETICAL CONCLUSIONS 

Measurements were made at X, = 1.25 centimeters on both single - 
and double -cup assemblies with results shown in Figures 7, 8, 9 and 10. 

From these it can be seen that the previously discussed theoretical 
results are supported qualitatively. The double -cup assembly yields 

much better matches than the single -cup type. Furthermore, in both 
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cases, for minimum voltage standing -wave ratio, the mica thickness 
is an inverse function of window openings. In the case of the single - 
cup assembly without a matching section, large window openings must 
be used if low values of voltage standing -wave ratio are to be obtained. 
Attempts to correlate the results of the structures of Figures 2(a) 
and 2 (b) with the theory yield appreciable numerical divergence. This 
indicates that the simplifications in the theory are too extreme and 
that more accurate results can be obtained experimentally. 
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Fig. 9- Variation of voltage standing wave ratio with mica thickness for several window diameters (double -cup). 

Fig. 10- Variation of mica thickness at minimum voltage standing wave ratio with window diameter (double -cup). 

In an attempt to design a single -cup mica window for operation 
with a tunable waveguide- output magnetron at 3.2 centimeters, the 
minimum voltage standing -wave ratio obtainable was 1.16. By the 
use of a quarter -wave matching section, however, the following voltage 
standing -wave ratio values were obtained: 1.04 at 3.0 centimeters, 
1.03 at 3.2 centimeters, and 1.08 at 3.4 centimeters. The design finally 
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chosen for this assembly is shown in Figure 11. 

MICA WINDOW DESIGN AND DEVELOPMENT 

The technique developed by J. S. Donal, Jr. to secure vacuum -tight 
mica -to -metal seals was employed. In this technique the mica is bonded 
to the metal by means of a low- melting point glass which wets both 
the mica and metal. It is also essential that the coefficients of expansion 
of the three materials match fairly well. The glass and metal are 
chosen to match the mica whose coefficient of expansion is about 100 x 

10 ' per degree Centigrade. The metal employed, known as Sylvania 
#4 Alloy (52 per cent Fe, 42 per cent Ni, 6 per cent Cr) has a 
coefficient of expansion of about 95 x 10 ' per degree Centigrade. The 

MATCHING 
COUPLER " 0.850X 0.400" 

0,850" 

0.380" 

Fig. 11- Single -cup assembly -final design for 3.2 centimeter tube. 

softening point of the glass is sufficiently lower than the temperature 
at which mica begins to disintegrate so that excellent seals could be 
achieved by baking assemblies at 600 - 650 degrees Centigrade. The 
mica used was high- quality India mica of the type employed in tele- 
vision pickup tubes. 

Initial experiments were based on the double -cup design of Figure 
2(b). However, it was found difficult to obtain uniformly vacuum -tight 
seals with this construction and as a consequence, the single -cup design 
of Figure 2(a) was adopted. This design has the advantage that the 
seal can be examined after forming. It is thus possible to determine 
visually whether or not a seal is satisfactory. 
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In practice the #4 Alloy cup is first cleaned by firing in dry hydro- 
gen at 1100 degrees Centigrade for 15 minutes, and then oxidized by 
firing in "line" hydrogen at the same temperature for the same length 
of time. This oxidation is essential if the glass is to wet the metal. 
The mica is then put in place and a water paste of the special glass 
in finely powdered form is painted around its edges. A steatite disc 
is fastened in place so that it bears down on the center of the mica 
disc. The assembly is heated in an oxidizing or neutral atmosphere at 
600 degrees - 650 degrees Centigrade for 15 minutes. (A reducing 
atmosphere would reduce the lead oxides in the glass.) If on examina- 
tion the seal appears defective, additional glass may be painted on and 
the assembly reheated. The cup is then brazed in place on the tube. 
Since #4 Alloy does not braze readily, it is first plated with nickel, 
after which any of the standard high- temperature solders wet it well. 
Leaky windows can be healed even after complete assembly of the tube. 
This constitutes a decided advantage of the mica window over the 
glass type. 

Question has been raised as to the ability of the windows to stand 
up under the pressures to which they may be subjected. In this con- 
nection the experiments of J. S. Donal, Jr.1 indicate that this need be 
of no concern. Scores of tubes employing mica windows were built 
for operation at 1.25 and 3.2 centimeters. Pulsed power outputs in 
excess of 50 kilowatts at 1.25 centimeters and continuous -wave outputs 
in excess of 500 watts at 3.2 centimeters were "pumped" through the 
window. In only one case was mica disintegration observed, and this 
might have been due to impurities in the particular sample of mica 
involved. 
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RECORDING STUDIO 3A* 

BY 

GEORGE M. NIXON 

Engineering Department, National Broadcasting Company, 
New York, N. Y. 

Summary -This article discusses the acoustical design problems in re- 
modeling a studio for broadcast transcription and recording usage. The 
use of adjustable acoustical elements to provide a change in reverberation 
time of about 2:1 is covered and the description of the application of 
diffusely reflective surfaces in combination with absorbent areas for opti- 
mum acoustical results is included. 

RECORDING Studio 3A, to be used jointly by the NBC (Radio 
Recording Division) and RCA Victor Division, designed for re- 
cording both program transcriptions and records for home use, 

Fig. 1- Overall view of Studio 3A. 

was placed in service in August 1946. It represents a modification of 
the former broadcast Studio 3A designed in 1933 when NBC first began 

* Decimal Classification: R800 (681.843). 
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Operations in Radio City. The studio has a volume of approximately 
68,000 cubic feet, a length of 80 feet, a width of 50 feet, and a height 
of 17 feet. Two views of the studio are shown, the studio overall 
(Figure 1) and the platform end (Figure 2). 

The acoustical problem in redesigning old Studio 3A for recording 
use was to provide as nearly as possible ideal acoustical conditions for 
performances of any type of program which was to be recorded and 
in which one to fifty performers would be participating. The ideals to 
be achieved for transcription type recording have been established by 
experience gained in broadcasting work wherein a transcription broad- 
cast is simply a delayed transmission to the listener and must have the 
full qualities of a live program. Acoustical requirements for producing 

Fig. 2- Platform end of Studio 3A. 

records for use in the home have also been determined through experi- 
ence over a period of years. 

The acoustical criteria for a studio designed for transcription pur- 
poses and one designed for recording records for home use are some- 
what different, largely as to the frequency -reverberation time charac- 
teristics. Transcriptions are designed to simulate broadcasts and for 
that reason acoustical conditions should be substantially the same as 
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those employed in broadcast studios. A single broadcast program 
usually involves an appreciable percentage of speech- either announce- 
ments, talks or dramatic presentations -which require a somewhat 
non -reverberant acoustical condition to prevent an excessive amount 
of reflected sound from reaching the microphone and creating an 
impression of room size. On the other hand, the studio should be 
fairly reverberant for the proper quality of music or other program 
material. In the broadcast studio these two requirements must be 
satisfied rather than compromised, since the latter course would result 
in unfavorable effects for both conditions. 

Fig. 3- Hinged acoustical panels. 

The recording studio is concerned almost exclusively with music 
and for that reason the problem is to provide the proper reverberation 
characteristic for the type and size of the performing group. However, 
when speech is recorded, control may be exercised by the use of sound - 

absorbent flats. In a recording studio, the use of the flats presents no 

problem of obstructing visibility since no audience is present. In a 

broadcast studio, audiences frequently witness the programs and the 
control of acoustical conditions must be handled in a different way. 

Studio 3A was designed so that the acoustical conditions could be 

altered to match the program. A consideration of several methods 
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indicated that the most practical solution lay in the use of heavy lined 
and interlined draperies, together with hinged acoustical panels as 
shown in Figure 3. The change in reverberation time was almost two 
to one, that is, at 1000 cycles, a change from 0.9 seconds to about 1.7 
seconds. The use of heavy draperies hung some distance from the wall 
insured that the change would be effective even at the lower frequencies 
(see Figure 4). 

The shape of the reverberation time frequency characteristic, 
selected as a design objective, is the one employed by NBC and RCA 
in studio design in which the reverberation time below 500 cycles 
increases as the frequency decreases (see Figure 5). Experience has 
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shown that this characteristic insures a proper tonal balance for both 
speech and music. 

It was desired further that the reverberation time characteristic 
extend to as high a frequency as possible before falling off to insure 
the highest possible fidelity of recording. It is a well -known fact that 
the absorption of the air prevents appreciable control above 8,000 
cycles and, with a continued increase in the frequency, it becomes 
increasingly a larger factor than the absorption provided by the walls, 
floor and ceilings. 

The selection of the reverberation time characteristics determines 
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the total amount of absorbing material required but does not indicate 
its distribution. Distributed acoustical treatment combined with the 
use of diffusely reflective surfaces produces a more diffuse sound field 

than is obtained in rooms with plane boundary surfaces with concen- 

trated areas of acoustical treatment. Under the former set of condi- 

tions the exact location of the microphone has been found to be less 
critical for obtaining a good balance thereby facilitating the obtaining 
of the highest quality of recording. 

The emphasis in the design has been toward obtaining a very 
diffuse sound field. Where this condition is realized, the importance 
of reverberation time is lessened, i.e., in a plane rectangular room 

experience has shown relatively narrow limits of tolerance from an 
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optimum reverberation time. Where the sound field is more diffuse, 

the upper limit of this tolerance may be raised appreciably with bene- 

ficial rather than objectionable effects. 
The use of diffusing surfaces with interposed absorbing surfaces 

results in a very substantial increase in their absorbing efficiency 

which cannot be neglected in calculations. This is due partially to 

diffraction effects and to the better coupling of the absorbent medium 

to the air. 
It was originally intended to employ a large amount of plywood 

on the wall and ceiling areas. Curved plaster surfaces were selected, 
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however, in preference to wood in this case because of the necessity 
of not using critical materials. Experience thus far indicates that the 
diffusion is the major factor, and its manner of achievement is of lesser 
importance. It is not implied that plaster is a superior material to 
plywood but rather that the shape of the diffusely reflective surface is 
of more importance than the material employed in forming that shape. 

The major acoustical adjustment is obtained by means of draperies 
which are usually considered to be deficient in absorption at the lower 
frequencies (below several hundred cycles) . The draperies employed 
were quite heavy, lined and interlined, being about 100 per cent full 
and placed about one foot from a diffusely reflective wall. This pro- 
cedure tends to insure a more uniform absorption characteristic with 
the use of these draperies than the characteristic absorption curve of 
lighter weight drapery in which the absorption increases with fre- 
quency up to one or two thousand cycles and then tends to decrease. 
This uniformity of the change in reverberation time -frequency charac- 
teristi2 (Figure 4) between the most reverberant and the least rever- 
berant condition can be easily seen. The measured reverberation time 
frequency characteristic also is shown in Figure 4 together with the 
optimum curve for broadcasting. It will be noted that in the most 
reverberant condition, the curve is considerably above the broadcast 
optimum. Further, as the draperies and hinged absorbent panels are 
exposed, the curve tends to be reduced to the same general extent at 
all frequencies thereby maintaining a proper balance between low, 
medium and high frequencies almost irrespective of the reverberation 
condition selected. 

In this studio the floor is of concrete covered by battleship linoleum 
and is highly reflective to sound. At the platform end, there are a series 
of steps, concave in plan, to permit arrangement of the performing 
group for usual microphone technique. These steps are augmented by 
wooden platforms as required for individual or groups of performers 
in an orchestral or choral performance. 

The ceiling above the platform, for a distance of 25 feet from the 
rear wall, is treated with a series of highly reflective, curved plaster, 
quasi -elliptical shapes to reflect the sound diffusely and to deflect it 
generally outward into the studio. The remainder of the ceiling is 
treated with large semi -cylindrical plaster forms extending the full 
width of the studio, interspersed with 3 -foot strips of 1 -inch rock wool 
blanket covered with perforated transite. 

The rear wall at the platform end consists of a number of vertical 
semi -cylinders of different diameters. These may be covered by a 
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heavy drapery so that wall is changed from a highly diffusely -reflective 
surface to a highly absorbent one. 

The side walls at the platform end diverge outward from the rear 
wall with a series of large, vertical, convex plaster shapes which tend 
to reflect diffusely the sound outward. The rgmainder of the side walls 
are, in general, of curved plaster arranged to be covered by draperies. 
These draperies are arranged to fit into pockets formed by the curved 
sections of the wall itself or behind the flat pilasters on which are 
mounted the hinged acoustical panels. 

It is planned to study the comments of users of the studio and 
listeners of records made in this studio with a view of establishing 
the optimum acoustical criteria for the recording of transcriptions and 
records for home use. These studies may indicate the desirability o 

some physical changes in the studio for certain types of recordings. 
Many coordinated opinions are necessary to support any statement that 
the collective judgment of listeners prefer one condition instead of 
another. There is no question, however, that the studio represents a 
distinct advance over former recording studio design and, it is believed 
further usage will provide additional confirmation of that fact. 

Acknowledgment is made of the contributions of Messrs. G. K. 
Graham and H. M. Gurin of the NBC Development Group and to 
Messrs. J. E. Volkmann and A. Pulley of RCA Victor Division for their 
work involving calculations, measurements and suggestions concerning 
Studio 3A. 
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G. A. Morton, Booklet. Geo. Newnes, Ltd., England 1935 

"Input Resistance of Vacuum Tubes as Ultra- High- Frequency Ampli - +. 
fiers ", W. R. Ferris, Proc. I.R.E. (January) 1936 

"A Turnstile Antenna for Use at Ultra -High Frequencies ", G. H 
Brown, Electronics (March) 1936 

"The Secondary Emission Multiplier -A New Electronic Device ", 
V. K. Zworykin, G. A. Morton and L. Malter, Proc. I.R.E. (March) 1936 

"Scanning Sequence and Repetition Rate of Television Images ", R. D. 
Kell, A. V. Bedford and M. A. Trainer, Proc. I.R.E. (April) 1936 

"Applied Electron Optics ", V. K. Zworykin and G. A. Morton, Jour. 
Opt. Soc. Amer. (April) 1936 

"The Electron Image Tube ", V. K. Zworykin, Broadcast News (April) 1936 
"An Urban Field Strength Survey at 30 and 100 Mc. ", R. S. Holmes 

and A. H. Turner, Proc. I.R.E. (May) 1936 
"The Future of Radio and Public Interest, Convenience and Necessity ", 

David Sarnoff, RCA REVIEW (July) 1936 
"Television ", C. B. Jolliffe, Statements Made by RCA Before FCC, 

RCA Institutes Technical Press, New York, N. Y. (June 15) 1936 
TELEVISION, Vol. I, RCA Institutes Technical Press, New York, 

N. Y. (July) 1936 
"The Cathode -Ray Tube in Television Reception ", I. G. Maloff, TELE- 

VISION, Vol. I, RCA Institutes Technical Press, New York, 
N. Y. (July) 1936 

"Television in Advertising ", David Sarnoff, TELEVISION, Vol. I, RCA 
Institutes Technical Press, New York, N. Y. (July) 1936 

"Television", David Sarnoff, TELEVISION, Vol. I, RCA Institutes 
Technical Press, New York, N. Y. (July) 1936 

"RCA Television Field Tests ", L. M. Clement and E. W. Engstrom, 
RCA REVIEW (July) 1936 

"Iconoscopes and Kinescopes in Television ", V. K. Zworykin, RCA 
REVIEW (July) 1936 
Jour. Soc. Mot. Pic. Eng. (May) 1937 

"Electron Optical System of Two Cylinders as Applied to Cathode - 
Ray Tubes ", D. W. Epstein, Proc. I.R.E. (August) 1936 

"Magnetron Oscillators for the Generation of Frequencies Between 
300 and 600 Megacycles ", G. R. Kilgore, Proc. I.R.E. (August) 1936 

"Ultra- High- Frequency Transmission Between RCA Building and 
Empire State Building in New York City ", P. S. Carter and G. S. 
Wickizerç, -Proc. I.R.E. (August) 1936 

"Electrical Measurements at Wavelengths Less than Two Meters ", 
L. S. Nergaard, Proc. I.R.E. (September) 1936 

"Television Radio Relay ", B. Trevor and O. E. Dow, RCA REVIEW 
(October) 1936 

"Amateur Applications of the Magic Eye ", L. C. Waller, QST (October 
and November) 1936 

"Electron Beams and Their Applications in Low -Voltage Devices ", 
H. C. Thompson, Proc. I.R.E. (October) 1936 

"Electron Optics of an Image Tube ", G. A. Morton and E. G. Ramberg, 
Physics (December) 1936 

"Fourth Estate Views Television ", David Sarnoff, Broadcast News (De- 0 
cember) 1936 

"Partial Suppression of One Side Band in Television Reception ", 
W. J. Poch and D. W. Epstein, Proc. I.R.E. (January) 1937 

"Equipment Used in the Current RCA Television Field Tests ", R. R. 
Beal, RCA REVIEW (January) 1937 it 

"Sonic Notes on Ultra- High- Frequency Propagation ", H. H. Beverage, 
RCA REVIEW (January) 1937 



s 

TELEVISION BIBLIOGRAPHY 645 

Year 
"Frequency Assignments for Television ", E. W. Engstrom and C. M 

Burrill, RCA REVIEW (January) 1937 
"Television and the Electron ", V. K. Zworykin, Short Wave and Tele 

(March) 1937 
"Experimental Studio Facilities for Television ", O. B. Hanson, RCA 

REVIEW (April) 1937 
"Television Studio Design ", R. E. Shelby and R. M. Morris, RCA 

REVIEW (July) 1937 
"Television Transmitters Operating at High Powers and Ultra -High 

Frequencies ", J. W. Conklin and H. E. Gihring, RCA REVIEW 
(July) 1937 

"A Circuit for Studying Kinescope Resolution ", C. E. Burnett, Proc 
I.R.E. (August) 1937 

"Theoretical Limitation of Cathode -Ray Tubes ", D. B. Langmuir, 
Proc. I.R.E. (August) 1937 

"An Oscillograph for Television Development ", A. C. Stocker, Proc 
I.R.E. (August) 1937 

"The Brightness of Outdoor Scenes and Its Relation to Television 
Transmission ", W. H. Hickok, R. B. Janes and H. Iams, Proc. 
I.R.E. (August) 1937 

"Development of the Projection Kinescope ", V. K. Zworykin and W. H 
Painter, Proc. I.R.E. (August) 1937 

"Theory and Performance of the Iconoscope ", V. K. Zworykin, G. A. 
Morton and L. E. Flory, Proc. I.R.E. (August) 1937 

"High- Current Electron Gun for Projection Kinescope ", R. R. Law, 
Proc. I.R.E. (August) 1937 

"RCA Developments in Television ", R. R. Beal, Jour. Soc. Mot. Pic 
Eng. (August) 1937 

"Television Pickup Tubes with Cathode -Ray Beam Scanning ", H. Iams 
and A. Rose, Proc. I.R.E. (August) 1937 

"Television Engineering Study Outline ", S. W. Seeley. RCA Licensee 
Bulletin LB -405 (August 13) 1937 

TELEVISION, Vol. II, RCA Institutes Technical Press, New York, 
N. Y. (October) 1937 

"Analysis and Design of Video Amplifiers ", Part I, C. N. Kimball and 
S. W. Seeley, RCA REVIEW (October) 1937 

"The Magnetron as a High- Frequency Generator ", G. R. Kilgore, Jour. 
Appl. Phys. (October) 1937 

"Field Strength Observations of Transatlantic Signals, 40 to 45 Mega- 
cycles", H. O. Peterson and D. R. Goddard, RCA REVIEW 
(October) 1937 
Proc. I.R.E. 1937 

"Commercial Television -And Its Needs ", A. N. Goldsmith. TELE- 
VISION, Vol. II, RCA Institutes Technical Press, New York, N. Y. 
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with Cylindrical Elements ", W. van B. Roberts, Proc. I.R.E. 
(October) 1937 

"Television Economics ", A. N. Goldsmith, Communications (October) 1937 
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Year 
"Television Among the Visual Arts ", A. N. Goldsmith, TELEVISION, 

Vol. II, RCA Institutes Technical Press, New York, N. Y. (October) 1937 
"A New Method of Remote Control ", S. W. Seeley, H. B. Deal and 

C. N. Kimball, RCA Licensee Bulletin LB -398 (October 29) 1937 
"Screens for Television Tubes ", I. G. Maloff and D. W. Epstein, 

Electronics (November) 1937 
"Figure of Merit for Television Performance ", A. V. Bedford, RMA 

Eng. (November) 1937 
RCA REVIEW (July) 1938 

"Direct Viewing Type Cathode -Ray Tube for Large Television Images ", 
I. G. Maloff, Proc. I.R.E. (November) 1937 
RCA REVIEW (January) 1938 

"Television Cathode -Ray Tubes for the Amateur ", R. S. Burnap, RCA 
REVIEW (January) 1938 

"Video I. F. System Considerations ", S. W. Seeley and W. S. Barden, 
RCA Licensee Bulletin LB -417 (January 5) 1938 

"A Discussion on Television Receiving Antennas ", W. S. Barden and 
S. W. Seeley, RCA Licensee Bulletin LB -423 (January 27) 1938 

"Problems of American Television ", A. N. Goldsmith, Radio Craft (February) 1938 
"Television Receivers ", E. W. Engstrom and R. S. Holmes, Elec- 

tronics (April) 1938 
"Some Notes on Video -Amplifier Design ", A. Preisman, RCA RE- 

VIEW (April) 1938 
"Effect of the Receiving Antenna on Television Reception Fidelity ", 

S. W. Seeley, RCA REVIEW (April) 1938 
"Probable Test Equipment Requirements for Design and Test of 

Domestic Television Receivers ", J. M. Brumbaugh, RMA Eng. 
(May) 1938 

"Preliminary Discussion of Television Requirements With the Under- 
writers' Laboratories ", E. T. Dickey, RMA Eng. (May) 1938 

"Television I -F Amplifiers ", E. W. Engstrom and R. S. Holmes, 
Electronics (June) 1938 

"A Discussion on Video Modulation Detection ", W. S. Barden, RCA 
Licensee Bulletin LB -435 (June 27) 1938 

"A Discussion of Television Deflecting Systems ", S. W. Seeley and 
C. N. Kimball, RCA Licensee Bulletin LB -433 (June 30) 1938 

"Television Antenna for Good Reception ", S. W. Seeley, Radio Craft 
(August) 1938 

"Television V -F Circuits ", R. S. Holmes and E. W. Engstrom, Elec- 
tronics (August) 1938 

"High Frequency Correction in Resistance- Coupled Amplifiers ", E. W 
Herold, Communications (August) 1938 

"Television Development and Test Equipment ", H. B. Deal, RCA 
Licensee Bulletin LB -447 (August 30) 1938 

"Improvements in High Frequency Amplifiers ", D. E. Foster and A. E. 
Newlon, RCA Licensee Bulletin LB -450 (September 22) 1938 

"Building Television Receivers with Standard Cathode -Ray Tubes ", 
J. B. Sherman, QST (October) 1938 

"Review of Ultra- High -Frequency Vacuum -Tube Problems ", B. J 
Thompson, RCA REVIEW (October) 1938 

"A Survey of Ultra- High -Frequency Measurements ", L. S. Nergaard, 
RCA REVIEW (October) 1938 

"Selective Side -Band Versus Double Side -Band Transmission of Tele- 
graph and Facsimile Signals ", B. Trevor, J. E. Smith and P. S 
Carter, RCA REVIEW (October) 1938 

"A Video Mixing Amplifier ", A. A. Barco, RCA Licensee Bulletin 
LB -453 (October 11) 1938 

"An Experimental Television Receiver ", D. E. Foster and G. Mount - 
joy, RCA Licensee Bulletin LB -458 (October 13) 19..8 

4 
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Year 
"Iconoscope Pre -Amplifier ", A. A. Barco, RCA Licensee Bulletin 

LB -448 (October 17) 1938 
"Transmission Lines as Coupling Elements in Television ", S. W. Seeley 

and C. N. Kimball, RCA Licensee Bulletin LB -456 (October 17) 1938 
"Analysis and Design of Video Amplifiers ", Part II, C. N. Kimball 

and S. W. Seeley, RCA Licensee Bulletin LB -461 (October 20) 1938 
Jour. Tele. Soc. (October) 1938 
RCA REVIEW (January) 1939 

"Television Synchronizing and Blanking Signal Generator ", H. B. 
Deal, RCA Licensee Bulletin LB -452 (October 27) 1938 

"A Practical Television Receiver for the Amateur ", C. C. Shumard, 
QST (December) 1938 

"Television ", A. F. Van Dyck, World Almanac 1938 
CATHODE -RAY TUBE IN TELEVISION, I. G. Maloff and D. W. 

Epstein, McGraw -Hill Book Co., New York, N. Y. 1938 
"Practical Application of an Ultra- High -Frequency Radio -Relay Cir- 

cuit", J. E. Smith, F. H. Kroger and R. W. George, Proc. I.R.E. 
(November) 1938 

"Television Synchronization ", E. W. Engstrom and R. S. Holmes, 
Electronics (November) 1938 

"Deflection Circuits in Television Receivers ", E. W. Engstrom and 
R. S. Holmes, Electronics (January) 1939 

"New Television Amplifier Receiving Tubes ", A. P. Kauzmann, RCA 
REVIEW (January) 1939 

"Observations on Sky -Wave Transmission on Frequencies Above 40 
Megacycles ", D. R. Goddard, Proc. I.R.E. (January) 1939 
RCA REVIEW (January) 1939 

"A Fixed -Focus Electron Gun for Cathode -Ray Tubes ", H. Iams, 
Proc. I.R.E. (February) 1939 

"An Ultra- High -Frequency Power Amplifier of Novel Design ", A. V. 
Haeff, Electronics (February) 1939 

"Some Television Problems from the Motion Picture Standpoint ", G. L. 
Beers, E. W. Engstrom and I. G. Maloff, Jour. Soc. Mot. Pic. Eng. 
(February) 1939 
Inter. Project (February) 1939 

"Television Economics ", Part I, A. N. Goldsmith, Communications 
(February) 1939 

"Using Electromagnetic -Deflection Cathode -Ray Tubes in the Tele- 
vision Receiver ", J. B. Sherman, QST (February) 1939 

"Electrostatic Deflection Kinescope Unit for the Television Receiver ", 
J. B. Sherman, QST (March) 1939 

"Television Economics ", Part II, A. N. Goldsmith, Communications 
(March) 1939 

"Application of Motion Picture Film to Television ", E. W. Engstrom 
and G. L. Beers, Joou. Soc. Mot. Pic. Eng. (April) 1939 

"Field Strength Measuring Equipment for Wide -Band U -H -F Trans- 
mission", R. W. George, RCA REVIEW (April) 1939 

"Gamma and Range in Television ", I. G. Maloff, RCA REVIEW 
(April) 1939 

"Kinescopes for Television Receivers ", L. C. Waller, Communications 
(April) 1939 

"Measurement of Phase Shift in Television Amplifiers ", A. A. Barco, 
RCA REVIEW (April) 1939 

"Power for Television Receivers ", E. W. Engstrom and R. S. Holmes, 
Electronics (April) 1939 

"Television Economics ", Part III, A. N. Goldsmith, Communications 
(April) 1939 

"Television Transmitting Antenna for Empire State Building ", N. E. 
Lindenblad, RCA REVIEW (April) 1939 

"Transient Response of Multistage Video -Frequency Amplifiers ", A. V. 
Bedford and G. L. Fredendall, Proc. I.R.E. (April) 1939 
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Year 
"Radio Frequency Generator for Television Receiver Testing ", A. H. 

Turner, RMA Eng. (May) 1939 
"Television Economics ", Part IV, A. N. Goldsmith, Communications 

(May) 1939 
"Television Lighting ", W. C. Eddy, Communications (May) 1939 
"How NBC Television Evolved ", O. B. Hanson, Radio and Tele. (June) 1939 
'Opportunities in Television ", A. N. Goldsmith, Radio and Tele. (June) 1939 "Television Economics ", Part V, A. N. Goldsmith, Communications 

(June) 1939 
"Simplified Television I -F Systems ", G. Mountjoy, RCA Licensee 

Bulletin LB -478 (June) 1939 "Circuit Diagrams of Television Signal Generating Equipment ", E. I 
Anderson, RCA Licensee Bulletin LB -479 (June) 1939 "An Iconoscope Pre -Amplifier" A. A. Barco, RCA REVIEW (July) 1939 "Antennas ", H. H. Beverage, Radio and Tele., (July) 1939 
RCA REVIEW (July) 1939 "Application of Motion Picture Film to Television ", E. W. Engstrom, 
G. L. Beers and A. V. Bedford, Jour. Soc. Mot. Pic. Eng. (July) 1939 
RCA REVIEW (July) 1939 "A Television Demonstration System for the New York World's Fair ", 
D. H. Castle, RCA REVIEW (July) 1939 "Effect of Electron Transit Time on Efficiency of a Power Amplifier ", 
A. V. Haeff, RCA REVIEW (July) 1939 "Luminescent Materials ", H. W. Leverenz and F. Seitz, Jour. Appel Phys. (July) 1939 "Planning Programs for Television ", T. H. Hutchinson, Radio and 
Tele. (July) 1939 

"Probable Influences of Television on Society ", David Sarnoff, Jour. Appl. Phys. (July) 1939 "Television Economics ", Part VI, A. N. Goldsmith, Communications 
(July) 1939 "Television Lighting -Part I ", W. C. Eddy, Jour. Soc. Mot. Pic. Eng. 
(July) 1939 "Television Receiving and Reproducing Systems ", E. W. Engstrom, Jonr. Appl. Plzys. (July) 1939 "Television Studio Technic ", A. W. Protzman, Jour. Soc. Mot. Pic. Eng. 
(July) 1939 "Contrast in Kinescopes ", R. R. Law, Proc. I.R.E. (August) 1939 "Television Antennas and Their Installation ", W. Hollander Bohlke, Radio and Tele. (August) 1939 "Television Economics ", Part VII, A. N. Goldsmith, Communications (August) 1939 "Recent Improvements in the Design and Characteristics of Icono- scopes", R. B. Janes and W. H. Hickok, Proc. I.R.E. (September) 1939 "Space Charge Effects in Electron Beams ", A. V. Haeff, Proc. I.R.E (September) 1939 "Television Pickup Tubes Using Low -Velocity Beam Scanning ", A. Rose and H. Iams, Proc. I.R.E. (September) 1939 "Television Economics ", Part VIII, A. N. Goldsmith, Communications (September) 1939 "The Image Iconoscope ", H. Iams, G. A. Morton and V. K. Zworykin, Proc. I.R.E. (September) 1939 "A Theoretical Analysis of Single Side -Band Operation of Television Transmitters ", L. S. Nergaard, Proc. I.R.E. (October) 1939 "Programming the Television Mobile Unit ", T. H. Hutchinson, RCA REVIEW (October) 1939 "Simple Television Antennas ", P. S. Carter, RCA REVIEW (October) 1939 

"Television Economics ", A. N. Goldsmith, Radio Tech. Digest 
(October) 1939 

4 
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"Television Economics ", Part IX, A. N. Goldsmith, G'ommuncaons iti (October) 
1939 "Television Signal -Frequency Circuit Considerations ", G. Mountjoy, RCA REVIEW (October) 1939 "The Orthicon, a Television Pickup Tube ", A. Rose and H. Iams, RCA REVIEW (October) 
1939 "Ultra- High -Frequency Propagation Formulas ", H. O. Peterson, RCA REVIEW (October) 
1939 "Video Output Systems ", D. E. Foster and J. A. Rankin, RCA Licensee Bulletin LB -494 (October) 
1939 "Monitor Kinescope ", C. N. Kimball, RCA Licensee Bulletin LB -500 (November) 
1939 "Television Economics ", Part X, A. N. Goldsmith, Communications (November) 
1939 "Transatlantic Reception of London Television Signals ", D. R. God- dard, Proc. I.R.E. (November) 
1939 "Television Economics ", Part XI, A. N. Goldsmith, Communications (December) 
1939 "Superheterodyne Converter System Considerations in Television Re- ceivers", E. W. Herold, RCA REVIEW (January) 1940 "A New Method for Determining Sweep Linearity ", S. W. Seeley and C. N. Kimball, RCA REVIEW (January) 1940 "Simplified Television I -F Systems ", G. Mountjoy, RCA REVIEW, (January) 
1940 "Television Reception in an Airplane ", R. S. Holmes, RCA REVIEW (January) 
1940 "RCA Television Field Pickup Equipment ", T. A. Smith, RCA RE- VIEW (January) 
1940 "The Formation and Maintenance of Electron and Ion Beams ", L. P Smith and P. L. Hartman, Jour. Appl. Phys. (March) 1940 "A Wide -Band Inductive -Output Amplifier ", A. V. Haeff and L. S Nergaard, Proc. I.R.E. (March) 1940 "Selective Sideband Transmission in Television ", R. D. Kell and G. L Fredendall, RCA REVIEW (April) 1940 "Mobile Field Strength Recordings of 49.5, 83.5 and 142 Mc. from Empire State Building, New York -Horizontal and Vertical Polar- ization", G. S. Wickizer, RCA REVIEW (April) 1940 "Television Studio Technic ", A. W. Protzman, RCA REVIEW (April) 1940 "Television Lighting ", W. C. Eddy, RCA REVIEW (April) 1940 "Low Cost Television Receiver ", G. Mountjoy and D. E. Foster, RCA Licensee Bulletin LB -520 (May) 

1940 "Antennas and Transmission Lines at the Empire State Building ", N. E. Lindenblad, Communications (May) 1940 (April and May) 
1941 "A Receiver for the New Amateur Television System ", J. B. Sherman, QST (June) 
1940 "Picture Signal Analyzer ", H. B. Deal, RCA Licensee Bulletin LB -525 (July) 
1940 "Field Strength Measuring Equipment at 500 Megacycles ", R. W George, RCA REVIEW (July) 
1940 "Determination of Optimum Number of Lines in a Television System ", R. D. Kell, A. V. Bedford and G. L. Fredendall, RCA REVIEW (July) 
1940 "A 500 -Megacycle Radio Relay Distribution System for Television ", F. H. Kroger, B. Trevor and J. E. Smith, RCA REVIEW (July) 1940 "Optimum Efficiency Conditions for White Luminescent Screens in Kinescopes", H. W. Leverenz, Jour. Opt. Soc. Amer. (July) 1940 "An Efficient U.H.F. Unit for the Amateur Television Transmitter ", L. C. Waller, QST (July) 
1940 

Year 
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Year 

"Field- Strength Survey, 52.75 Megacycles from Empire State Build- 
ing", G. S. Wickizer, Proc. I.R.E. (July) 1940 

"A Precision Television Synchronizing Signal Generator ", A. V. Bed- 
ford and J. P. Smith, RCA REVIEW (July) 1940 

"Some Factors Affecting the Choice of Lenses for Television Cameras ", 
H. B. DeVore and H. Iams, Proc. I.R.E. (August) 1940 

"The RCA Portable Television Pickup Equipment ", G. L. Beers, O. H. 
Schade and R. E. Shelby, Proc. I.R.E. (October) 1940 

"Cathodoluminescence as Applied in Television ", H. W. Leverenz, RCA 
REVIEW (October) 1940 

"Vertical versus Horizontal Polarization ", G. H. Brown, Electronics 
(October) 1940 

"An Electrically- Focused Multiplier Phototube", J. A. Rajchman and 
R. L. Snyder, Electronics (December) 1940 

TELEVISION, V. K. Zworykin and G. A. Morton, John Wiley & Sons, 
New York, N. Y. 1940 

TELEVISION BROADCASTING, L. Lohr, McGraw -Hill Book Co , 

New York, N. Y. 1940 
THE MYSTERIES OF TELEVISION, A. F. Van Dyck, The House 

of Little Books, New York, N. Y. 1940 
"Recent Developments in Television ", E. W. Engstrom, An. Amer. 

Acad. Polit. Soc. Sci. (January) 1941 
"RCA -NBC Television Presents a Political Convention as First Long - 

Distance Pick -Up ", O. B. Hanson, RCA REVIEW (January) 1941 
"A Vestigial Side -Band Filter for Use with a Television Transmitter ", 

G. H. Brown, RCA REVIEW (January) 1941 
"A New Ultra -High Frequency Tetrode and its Use in a One Kilowatt 

Television Sound Transmitter ", A. K. Wing and F. E. Young, 
Proc. I.R.E. (January) 1941 

"Cascade Amplifiers with Maximal Flatness ", V. D. Landon, RCA 
REVIEW (January and April) 1941 

"Video Output Systems ", D. E. Foster and J. Rankin, RCA REVIEW 
(April) 1941 

"A Resume of the Technical Aspects of RCA Theatre Television ", 
I. G. Maloff and W. A. Tolson, RCA REVIEW (July) 1941 

"A Simplified Television System for the Radio Amateur and Experi- 
menter", L. C. Waller and P. A. Richards, RCA REVIEW (Octo- 
ber) 1941 

"A Method and Equipment for Checking Television Scanning Line- 
arity", V. J. Duke, RCA REVIEW (October) 1941 

"Recent Television Developments ", R. E. Shelby and V. K. Zworykin, 
Reports on Progress in Physics (British), (Vol. 8) (December) 1941 

"Orthicon Portable Television Equipment ", M. A. Trainer, Proc. I.R.E. 
(January) 1942 

"Measurements of the Slope and Duration of Television Synchronizing 
Impulses ", R. A. Monfort and F. J. Somers, RCA REVIEW (Janu- 
ary) 1942 

"Factors Governing Performance of Electron Guns in Television 
Cathode -Ray Tubes ", R. R. Law, Proc. I.R.E. (February) 1942 

"Television Reception with Built -in Antennas for Horizontally and 
Vertically Polarized Waves ", W. L. Carlson, RCA REVIEW 
(April) 1942 

"The Relative Sensitivities of Television Pick -Up Tubes, Photographic 
Film and The Human Eye ", A. Rose, Proc. I.R.E. (June) 1942 

"Analysis, Synthesis and Evaluation of the Transient Response of 
Television Apparatus ", A. V. Bedford and G. L. Fredendall, Proc. 
I.R.E. (October) 1942 

F 
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Year 
"A Portable High- Frequency Square -Wave Oscillograph for Tele- vision", R. D. Kell, A. V. Bedford and H. N. Kozanowski, Proc. I.R.E. (October) 1942 "Automatic Frequency and Phase Control of Synchronization in Tele- 

vision Receivers ", K. R. Wendt and G. L. Fredendall, Proc. I.R.E. (January) 1943 "Contemporary Problems in Television Sound ", C. L. Townsend, Proc 
I.R.E. (January) 1943 "The Focusing View- Finder Problem in Television Cameras ", G. L Beers, Proc. I.R.E. (March) 1943 Jour. Soc. Mot. Pic. Eng. (March) 1943 "Television- Far -seeing Eye of the Future ", R. E. Shelby, Electronics 
(March) 1943 "R -F Operated High -Voltage Supplies for Cathode -Ray Tubes ", O. H Schade, Proc. I.R.E. (April) 1943 "Cathode -Ray Control of Television Light Valves ", J. S. Donal, Jr , Proc. I.R.E. (May) 1943 "A Type of Light Valve for Television Reproduction ", J. S. Donal, Jr , and D. B. Langmuir, Proc. I.R.E. (May) 1943 "Electron Bombardment in Television Tubes ", I. G. Maloff, Electronics (January) 1944 "Automatic Frequency Control of Synchronization in Television." 
RCA Licensee Bulletin LB -624 (August) 1944 "Reflective Optical System for Television ", E. W. Wilby, RCA Licensee Bulletin LB -630 (November) 1944 "Reflective Optics in Projection Television ", I. G. Maloff and D. W Epstein, Electronics (December) 1944 "Postwar Television Standards ", A. N. Goldsmith, Televiser (Fall) 1944 "Possible Social Effects of Television ", David Sarnoff, An. Amer. Acad Polit. Soc. Sci. (January) 1945 "Television ", David Sarnoff, TBA Annual (January) 1945 "Cathode Coupled Wide -Band Amplifiers ", RCA Licensee Bulletin LB -631 (January) 1945 "Future of Theater Television ", A. N. Goldsmith, Television (Febru- ary) 1945 "The Clamp Circuit ", C. L. Townsend, Broad. Eng. Jour. (February 
and March) 1945 "Improved Electron Gun for Cathode -Ray Tubes ", L. E. Swedlund, Electronics (March) 1945 "Projection Television ", D. W. Epstein and I. G. Maloff, Jour. Soc Mot. Pic. Eng. (June) 1945 "Multiple- Dwelling Television ", A. N. Goldsmith, Television (June) 1945 "Researcher Views Television ", E. W. Engstrom, Televises (July - August) 1945 "Converting from Radio to Video Broadcasting ", A. N. Goldsmith, Televiser (September) 1945 "Planning the Television Station, Part I ", A. N. Goldsmith, Televiser, (Sept. -Oct.) 

1945 "Band -Pass Bridged T Network for Television Intermediate -Frequency Amplifiers", G. C. Sziklai and A. C. Schroeder, Proc. I.R.E. (Octo- ber) 
1945 "Cathode- Coupled Wide -Band Amplifiers ", G. C. Sziklai and A. C. Schroeder, Proc. I.R.E. (October) 1945 "Planning the Television Station, Part II ", A. N. Goldsmith, Televiser, (Nov. -Dec.) 
1945 "Transmission of Television Sound on the Picture Carrier ", G. L. Fredendall, K. Schlesinger and A. C. Schroeder, Proc. I.R.E. (February) 
1946 "Practical Aspects of Television ", W. H. Bolke and N. M. Brisbin, 
1946 

RCA Rad. Serv. News (February) 
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Year 
"Input Impedance of Several Receiving -Type Pentodes at F -M and 

Television Frequencies ", F. Mural, RCA Licensee Bulletin LB -661 
(March) 1946 

"Improved Cathode -Ray Tubes with Metal -Backed Luminescent 
Screens ", D. W. Epstein and L. Pensak, RCA REVIEW (March) 1946 

"Local Oscillator Radiation and Its Effect on Television Picture Con- 
trast", E. W. Herold, RCA REVIEW (March) 1946 

"Image Orthicon Camera ", R. D. Kell and G. C. Sziklai, RCA REVIEW 
(March) 1946 

"Field Television ", R. E. Shelby and H. P. See, RCA REVIEW 
(March) 1946 

"Compensating Amplifier ", C. N. Gillespie, Electronics (March) 1946 
"Super Turnstile Antenna ", R. F. Holtz, Communications (April) 1946 
"Practical Television ", R. A. Monfort, Radio News (May) 1946 
"An Experimental Color Television System ", R. D. Kell, G. L. Freden- 

dall, A. C. Schroeder and R. C. Webb, RCA REVIEW (June) 1946 
"A Method of Measuring the Degree of Modulation of a Television 

Signal ", T. J. Buzalski, RCA REVIEW (June) 1946 
"Development of an Ultra Low Loss Transmission Line for Television ", 

E. O. Johnson, RCA REVIEW (June) 1946 
"The Maximum Efficiency of Reflex Oscillators ", E. G. Linder and R. D. 

Sproull, Phys. Rev. (June 1 & 15) 1946 
"The Image Orthicon -A Sensitive Television Pickup Tube ", A. Rose 

and P. K. Weimer and H. B. Law, Proc. I.R.E. (July) 1946 
"Micro -Wave Television Relays, Operating on 6,800 to 7,050 Mc ", W. J. 

Poch and J. P. Taylor, FM and Tele. (August) 1946 
"Television for Today -Part III ", M. S. Kiver, Radio Craft (August) 1946 
"The Relationship of FM to Television ", A. N. Goldsmith, FM Business 

(August) 1946 
"Flying Torpedo with an Electric Eye ", V. K. Zworykin, RCA RE- 

VIEW (September) 1946 
"Naval Airborne Television Reconnaissance System", R. E. Shelby, 

F. J. Somers and L. R. Moffett, RCA REVIEW (September) 1946 
"Miniature Airborne Television Equipment ", R. D. Kell and G. C. 

Sziklai, RCA REVIEW (September) 1946 

"Mimo- Miniature Image Orthicon ", P. K. Weimer, H. B. Law and 
S. V. Forgue, RCA REVIEW (September) 1946 

"Current Oscillator Television Sweep ", G. C. Sziklai, Electronics (Sep- 

tember) 1946 

"A Unified Approach to the Performance of Photographic Film, Tele- 
vision Pickup Tubes, and the Human Eye ", Jour. Soc. Mot. Pic. 

1946 Eng. (October) 
"Simultaneous All- Electronic Color Television ", RCA REVIEW (De- 

cember) 1946 

"Television Equipment for Aircraft ", M. A. Trainer and W. J. Poch, 
1946 RCA REVIEW (December) 

e 



TECHNICAL PAPERS BY RCA AUTHORSt 

Third Quarter, 1946 

Any requests for copies of papers listed herein should be 
addressed to the publication to which credited. 

W. A. Anderson -"Alarm System for Panoramic Receivers ", Electronics, 
July, 1946. 

L. S. Biberman -"Simplified Method of Plotting Attenuation Curves ", 
Radio, July, 1946. 

R. S. Burnap -"Electrons at Work in Electron Tubes ", RCA Rad. Serv. 
News, September- October, 1946. 

E. T. Bush -see W. D. Hershberger, "Thermal and Acoustic Effects At- 
tending the Absorption of Microwaves by Gases ". 

2 

o 

tank -1 
M. S. Corrington -"Table of the Integral - dt ", RCA 

t 
REVIEW, September, 1946. 

W. M. Elsasser- "Induction Effects in Terrestrial Magnetism, Part II. 
The Secular Variation ", Phys. Rev., August 1 & 15, 1946. 

W. M. Elsasser -"Electric Quadrupole of the Earth ", Phys. Rev., September 
1 & 15, 1946. 

L. Flory -see G. A. Morton, "An Infrared Image Tube and Its Military 
Applications ". 

L. E. Flory -see V. K. Zworykin, "Reading Aid for the Blind ". 

S. V. Forgue -see P. K. Weimer, "Mimo- Miniature Image Orthicon ". 

A. N. Goldsmith -"The Relationship of FM to Television ", FM Business, 
August, 1946. 

Tom Gootée -"Rotating Joints for U.H.F. Transmission Lines ", Radio 
News, September, 1946. 

I. E. Grosdoff -"Electronic Counters ", RCA REVIEW, September, 1946. 

C. W. Hansell- "Development of Radio Relay Systems ", RCA REVIEW, 
September, 1946. 

W. D. Hershberger, E. T. Bush and G. W. Leck- "Thermal and Acoustic 
Effects Attending the Absorption of Microwaves by Gases ", RCA 
REVIEW, September, 1946. 

t Report all corrections or additions to RCA REVIEW, Radio Corporation of America, 
RCA Laboratories Division, Princeton, N. J. 
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R. F. Holtz- "Characteristics of the Pylon FM Antenna ", FM and Tele., 
September, 1946. 

R. D. Kell and G. C. Sziklai -"Miniature Airborne Television Equipment ", 
RCA REVIEW, September, 1946. 

M. S. Kiver -"Television for Today" (Part III), Radio -Craft, August, 1946. 

N. I. Korman -"Note on a Reflection -Coefficient Meter ", Proc. I. R. E., 
September, 1946. 

H. B. Law -see A. Rose, "The Image Orthicon -A Sensitive Television 
Pickup Tube ". 

H. B. Law -see P. K. Weimer, "Mimo- Miniature Image Orthicon ". 

H. L. Lawrence -"A 100 -KW Portable Radar Transmitter ", Colnlnnnica- 
tions, September, 1946. 

G. W. Leck -see W. D. Hershberger, "Thermal and Acoustic Effects Attend- 
ing the Absorption of Microwaves by Gases ". 

A. Liebscher -"The Audio Chanalyst -and What It Does ", RCA Rad. Serv. 
News, September- October, 1946. 

L. Malter (Naval Research Laboratory -formerly with RCA Victor Divi- 
sion) and J. L. Moll -"Wave -Guide Output Magnetrons with 
Quartz Transformers ", RCA REl7EIV, September, 1946. 

T. H. Mitchell -"The Pandora Plan ", Teleg. & Teleph. Age, August, 1946. 

L. R. Moffett -sec R. E. Shelby, "Naval Airborne Television Reconnaissance 
System ". 

J. L. Moll (Ohio State University -formerly with RCA Victor Division) - 
see L. Malter, "Wave -Guide Output Magnetrons with Quartz 
Transformers ". 

G. A. Morton -"Electron Guns for Television Application ", Rey. Mod. Phys., 
July, 1946. 

G. A. Morton and L. Flory -"An Infrared Image Tube and Its Military 
Applications ", RCA REV'IEVV, September, 1946. 
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F. R. Quance -see H. B. Seabrook, "Canada's New Short Wave Trans- 
mitters". 

J. F. Rider -"Some Future Trends in Radio Service Work ", RCA Rad. 
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} System ". 
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J. P. Taylor -see W. J. Poch, "Micro -Wave Television Relays, Operating on 
6,800 to 7,050 Mc. ". 
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S. M. Zollers -see R. G. Picard, "A High Vacuum Gauge and Control 
System ". 

V. K. Zworykin- "Flying Torpedo With an Electric Eye ", RCA REVIEW, 
September, 1946. 

V. K. Zworykin and L. E. Flory- "Reading Aid For the Blind ", Electronics, 
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NOTE- Omissions or errors in these listings will be corrected in the yearly Index. 

Corrections: 
On page 366 of the September 1946 issue, the following sentence 

should have been included under ACKNOWLEDGMENTS: "This paper is 
based in whole or in part on work done for the Office of Scientific 
Research and Development under Contract OEMsr 441 with Radio Cor- 
poration of America." 

In Figure 1 on page 180 of the June 1946 issue the indicated scale 
is in error. The actual scale used in the map is approximately double 
that indicated in the legend. 
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