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The Synthetic Production and Control of Acoustic 
Phenomena by a Magnetic Recording System* 

S. K. W OLFt, ASSOCIATE, I.R.E. 

Summary—In recent years there has been an increasingly active 
search for an electroacoustic system for producing and controlling rever-
beration and associated phenomena. This paper describes an electro-
magnetic method of producing and controlling reverberation by the use 
of a magnetic tape recording system. It consists of recording a sound 
pattern magnetically on steel tape. The signal is picked up from the 
tape at frequent split-second intervals and reproduced at any desired 
level or characteristic. The tape is arranged for driving in an endless 
helical loop. An obliterating head which continuously obliterates the 
record is placed just before the first recording head. The phenomena of 
reverberations and the various methods which have been suggested by 
others for controlling reverberation synthetically, such as the ekctro-
optical, electromechanical, mechanical-recording, and the reverberation-
chamber methods, are briefly discussed. The paper also outlines other 
uses for the magnetic tape system in the study of acoustic phenomena 
both synthetically and analytically. 

S
INCE the fundamental work of Sabine,' most 

acoustic engineers have, in accordance with the 

principles he established, solved their acoustic 

problems by what may be called the "architectural 

method." There have been improvements in sound-

absorbing materials and a few innovations such as the 

use of the "live end —dead end" in studios, "balanced 

absorption," "distributed treatment," and "automat-

ically movable surfaces with variable absorption" but 

there has been no basically new approach to the prob-

lem on a practical scale. The Sabine concept of the 

proper quantity and quality of absorption offers a 

more or less satisfactory solution to most architectural 

acoustic problems, particularly where the enclosed 

space is to be used for one purpose under a given set of 

conditions. 

However, with the advent of broadcasting and re-

cording studios, more flexible and more exacting acous-

tic conditions are required, and the "architectural prin-

ciple" of control can, at best, offer only a compromise 

solution. In auditorium design, architects and engineers 

alike are still faced with the dilemma of designing the 

interior ideal for one purpose or resort to a compromise 

design if the space is to be used for a variety of pur-

poses. 
The complex behavior of sound in enclosures has 

been treated at great length by acoustic engineers. One 

of the most significant studies was made by Wente2 in 

which he treats a room as analogous to a transmission 

line. Fig. 1 shows the acoustic transmission character-

istics of an architecturally treated and an untreated 

room. This is ample evidence of the complex nature 

• Decimal classification: 534X621.385.97. The original manu-
script of this invited paper was received by the Institute, June 6, 
1941. 
t President, Acoustic Consultants, Inc., New York, N. Y., and 

New York Representative, The Brush Development Company, 
Magnetic Tape Division, Cleveland, Ohio. 
i Wallace C. Sabine, "Collected Papers on Acoustics," Harvard 

University Press, Cambridge, Mass., 1927. 
I E. C. Wente, "The characteristics of sound transmission in 

rooms," Jour. Acous. Soc. Amer., vol. 6, p. 121; 1935. 

and behavior of sound in enclosures. Curve B shows 
the influence of "architectural control" on the trans-

mission characteristics. 
It is generally accepted that a certain amount of 

architectural reinforcement of sound energy is desir-

able. This is probably due to the harmonic nature of 

speech and music. The amount and kind of influence 
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depends upon the use to which the auditorium is to be 

put. Even as yet, we have no very accurate way of 

measuring or prescribing the acoustic excellence of an 

auditorium. The most universal measure of the acous-

tic properties of an auditorium is its reverberation time 

which represents the time required for sound energy to 

decay 60 decibels, which is rarely, if ever, realized in 

practice, and furthermore, does not take into considera-

tion the character of the decay. We sometimes meas-

ure the number of irregularities in a sound-transmis-

sion curve of an auditorium and interpret too many as 

harmful and a reasonable number as beneficial, but we 

are unable to separate the desirable from the undesir-

able. 
It is not practicable to control architecturally at will 

the acoustic characteristics of a space. Such control, 

however, is desirable in auditoria as well as in recording 

and broadcasting studios. On the other hand, it is 

highly probable that we can produce an electrical sys-

tem whereby we will be able to create synthetically a 

counterpart of practically any interior. Furthermore, 

such a device may even yield a space pattern more 

satisfying than any yet achieved architecturally. In 

employing the synthetic scheme which I would pro-

pose, the auditorium or studio would first be rendered 

acoustically inert, or relatively so, and the sound pattern 
most desirable would be created electrically. 

July, 1941 Proceedings of the I.R.E.  365 
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This basically different approach is not new. It has 
been suggested by several experimenters with as many 
methods. But there is yet to be developed a completely 
practical system for solving most acoustic problems by 
the synthetic method. Presently, a system will be de-
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Fig. 2—Reverberation unit. 

scribed which, the author believes, is inherently cap-
able of satisfying all the requirements. Before describ-
ing this system, some of the more important synthetic 
methods that have been suggested will be discussed 
briefly. They may be classified as architectural, me-
chanical, and electrical. The last may be subdivided 
into the electric-delay circuit, the electromechanical, 
the electrooptical, and the electromagnetic systems. 

The methods employ either a capacity storage or 
storage by recording. 
The echo chamber, which has been classified as ar-

chitectural, is an acoustic capacity-storage device and 
is perhaps the most widely used method of controlling 
reverberation in motion-picture recording' and radio 
broadcasting' studios. Today echo chambers vary from 
large empty rooms of 10,000 or more cubic feet to nar-
row labyrinthlike chambers in which loud speakers and 
microphones are placed for introducing acoustic energy 
and microphones for picking up the reverberant energy. 
The surfaces of such chambers are covered with 

glazed, hard-surfaced materials and have reverberation 
time periods from 2 to 5 seconds. Control is accom-
plished by sending any desired part of the signal through 
the echo chambers before recording or broadcasting. 
The cost and control limitations of echo chambers 
make them impractical for very, extensive use. 
Electrical delay circuits for controlling reverberation 

was suggested by Mills.' This method consists in trans-
mitting electrical energy over an artificial line, reflect-
ing it at a distance, and transmitting it back again, 
thus obtaining twice the phase shift or delay which 
could be obtained by transmitting them over the line 
in only one direction. 
An electromechanical, or spring system, of rever-

beration control was developed by Laurens Hammond.' 
The unit consists of a small electromechanical device a 
few square inches in cross section and approximately 4 
feet in length and is shown in Fig. 2. 
The energy passing through the unit drives a small 

moving coil of the same type and general design as is 
normally used to operate a dynamic loud speaker. 
When the coil moves, it does not radiate any appreci-
able sound, but instead it actuates a very small alum-
inum cage to which are fastened a multiplicity of small 
helical steel springs and levers. One of these springs in 
turn actuates a Rochelle-salt crystal. The latter pro-
duces a new electrical signal which is'amplified. The 
velocity of sound in the spring is of the order of 50 feet 
per second. To produce a partial reflection point, the 
spring is joined to another section of spring of slightly 
different size resulting in the desired "mismatch." 
Damping of the spring is accomplished by terminating 
it in oil. The number of different lengths of paths from 
the input to the output is enormous because it rises 
geometrically from the number of reflecting points. 
The Hammond unit is now widely used with elec-

tric organs and is suitable for use with electronic mu-
sical instruments. Its inexpensiveness recommends it 
where it can be used, but it is not suitable for speech or 
general reverberation-control purposes. 

3 John K. Hillard, "Reverberation control in motion picture re-
cording," Ekaronics, vol. 11, p. 15; January, 1938. 
' Howard A. Chinn, "Reverberation control in broadcasting," 

Electronics, vol. 11, pp. 28-29; May, 1938. 
John Mills, U. S. Patent No. 1,647,242. 
Laurens Hammond, 'Reverberation control with the Ham-

mond organ," published by Hammond Organ Company, 1939. 
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A disk recording method was suggested by Arnold.' 
It consists of a plurality of disk pickup devices so lo-
cated with respect to each other and with respect to the 
record surface to secure proper time intervals of the 
successive co-operation of each pickup device with the 
same portion of the record surface, each pickup device 
being associated with an attenuator or amplifier to se-
cure the proper relative loudness. 
An electrooptical method for producing reverbera-

tion was developed by Goldmark and Hendricks. 8 The 
basic principle consists in recording a fugitive sound 
pattern of an original sound signal on the rim of a ro-
tating phosphor-coated disk by means of a modulated 
light source and a simple optical system. The signal is 
picked up from the disk at later points through an-
other optical system and photocells. The logarithmic 
decay of the sound images on the disk as they pass the 
phototubes gives reverberation effects. The secondary 
signal is then mixed with the original signal as in other 
synthetic-reverberation systems. Fig. 3 shows a sche-

matic diagram of the Goldmark system. 
The use of a magnetic wire recording system, or the 

telegraphone, was first suggested by Alfred N. Gold-
smith.8 His patent outlines in detail several control 
systems. The use of magnetic tape employing the 
telegraphone principle as suggested was developed in 
an experimental form as suggested by Begun" and the 
author." 
The original design of a magnetic tape system 

proved to be impractical because of the noise created 
by the joint in the endless tape when it passed the re-
producing heads. This major problem in the magnetic 
tape system had to be solved before such a device 
could be made practical. The engineers of The Brush 
Development Company solved it and completely rede-
signed the original experimental model, which will be 

described in detail. 
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Fig. 3—Basic schematic diagram. 

The Brush" unit consists essentially of a magnetic 
tape recording system in which the original sound is 
amplified, reproduced, and recorded simultaneously. 

7 H. D. Arnold, U. S. Patent No. 1,859,423. 
' Peter C. Goldmark and Paul S. Hendricks, "Synthetic rever-

beration," PROC. I.R.E., vol. 27, pp. 747-752; December, 1939. 
Alfred N. Goldsmith, U. S. Patent No. 2,105,318. 
" S. J. Begun and S. K. Wolf, "On synthetic reverberation," 

Communications; August, 1938. 
S. K. Wolf, "Artificially controlled reverberation," Jour. Soc. 

Mot. Pic. Eng., pp. 390-397; April, 1939. 
'2 E. S. Rich, 9Report on a method of obtaining artificial rever-

beration using a magnetic tape recording system," published by 
The Brush Development Company, January, 1941. 

The recorded signal is then reproduced at split-second 
intervals by a series of pickup heads with diminishing 
intensity. Each of the pickup devices is delayed in time 
with respect to the preceding one with reference to the 
passage of the sound carrier through these devices. 
These successive reproductions constitute, in effect, a 
series of echoes of the original sound. 
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The block diagram of Fig. 4 shows a schematic dia-
gram of the essential elements of the synthetic-rever-
beration system. The original sound signal is first 
passed through an amplifier, the output of which is 
split into two channels. Through one channel the 
sound signal passes through an equalizer and goes to. 
the recording head, while through the other, it goes to 
the output of the system to provide the "direct" sound 
signal. This amplifier also supplies the obliterating cur-
rent. After being recorded on the tape, the signal is 
picked up by a series of reproducing heads. Associated 
with each head is an attenuating network which is so 

constructed that the level from successive heads de-
creases exponentially. The outputs of all of these heads 
are com bined and fed to the input of another amplifier. 
The output of this playback amplifier is then combined 
with the direct channel to give the desired reverbera-
tion. These are, of course, only the essentials of the 
machine and give only the one reverberation time for 
which the attenuating network was calculated. Some 
of the other factors which are of importance in the 
actual construction and adjustment of the machine will 
now be described. 
The first consideration is the best spacing of heads to 

use. The first thought might be that their spacings 
should not be equal or multiples of any distance; other-
wise, the phase relationships of the signals from the 
various heads might cause all the voltages to add for 
some frequencies, and to cancel for other frequencies. 
Practically, it is impossible to obtain absolutely equal 
spacings, and with the approximately equal spacings 
realized in practice, this difficulty is not encountered. 
Experiments showed that the most important ob-

stacle to be overcome was that the machine tended to 
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give a series of distinct echoes rather than a blended 
reverberation. This effect was most noticeable for 
speech and for sharp sounds, like clapping of hands or 
striking metal with a hammer. In an actual room such 
effects are not noticed because the multiple reflections 
from the bounding surfaces give a vastly greater num-
ber of echoes which are heard at considerably shorter 

Fig. 5 

intervals. Theoretically, then, it would seem that an 
infinite number of heads would be the obvious solution 
for producing synthetic reverberation. However, a 
further analysis shows that this is not the case. A rea-
sonable number of pickup heads spaced along the tape 
gives the illusion of reverberation rather than a series 
of echoes. The fact that the ear apparently cannot dif-
ferentiate between a series of echoes diminishing in in-
tensity and a continuously decaying sound leads one to 
surmise that the ear may possess an audio persistency 
similar to the persistency of vision in the eye. Further-
more, it is an interesting fact that the minimum rate at 
which echoes must occur for "blending" is of the same 
order of magnitude as the minimum number required 
for blending of the minimum number of light impulses 
for visual persistency. Rich" observed in his experi-
ments that "a number of pickup heads spaced along 
the tape gives only one echo at a time, the others fol-
lowing in rapid sequence, and these would correspond 
to reflections from two parallel walls only, and not 
from four walls, a ceiling, and a floor. In other words, 
it is a one dimensional proposition rather than a three 
dimensional one." However, the illusion is satisfying. 
The use of an infinite number of heads spaced in-

finitely close is undesirable for this application for an-
other reason. If there were no attenuation of one head 
with respect to another, there would be no output. For 
every positive voltage developed in one head, there 
would be an opposite voltage developed in another 
head by the negative half of the flux wave. Referring to 
Fig. 5, for a head placed at point M having a voltage 
developed in it proportional to flux ab, there is a head at 
point N having a voltage proportional to cd which 
would cancel it. However, if there were progressive at-
tenuation between successive heads, the voltage from 
the head at N would not completely cancel that of the 
head at M. Considering that the attenuation between 
heads is a function of the displacement, it follows that 
a low frequency with a long wavelength would suffer 
less cancellation than a high frequency with a short 
wavelength. This means that the resultant voltage 
from all the heads is greater for low frequencies than 
for high ones and is, in fact, inversely proportional to 

frequency. Expressed mathematically, this is of the 

form 

where e is the resultant voltage generated, g, the fre-
quency, and k, a constant. From the similarity of this 
to the expression for voltage across a condenser 

K' 
e = I X,  -  = — 

27fC  C 

it is seen that an infinite number of heads with pro-
gressive attenuation would correspond to a shunt capac-
itance across the input of the amplifier. Actually this 
inherent effect of frequency discrimination is present 
with a finite number of heads, but is practically negligi-
ble. 
From experiments, it was foulrid that if the head 

spacings corresponded to a time delay of 1/20th of a 
second or less, the individual echoes were reasonably 
well integrated. In the machine that was built, an in-
terval corresponding to 1/40th of a second was used 
for the first heads of the series, and a somewhat greater 
distance was used for the last heads whose outputs were 
attenuated considerably with respect to those of the 
first heads. 
Again, before being able to determine the number of 

heads to be used, it was necessary to decide on the re-
verberation time desired. As mentioned previously, 
flexibility is one of the desirable qualities for a device of 
this sort, so it should provide different amounts of re-
verberation. Obviously a single continuously variable 
control of reverberation time would be best, but since 
this means the equivalent of a volume control for each 
head, all having a different exponential taper and 
ganged together, it was not considered practical at that 
stage of the development. A push-button switch giving 
a choice of 0, 4, 1, 1, or 2 seconds rever,beration time 
seemed the best solution of this problem. These values 
were determined by experiment, 4 second being quite 
satisfactory for speech, and 2 seconds being sufficient 
for a symphony orchestra. 

TAPE 

Fig. 6 

A long bar with pulleys at each end to guide the tape 
was provided upon which to mount the heads. The 
length of the bar and the speed of the tape were such 
that the maximum time delay obtainable for a series of 
heads was about 4 second. Knowing this, the attenua-
tion required for the last head is easily determined 
from the definition of reverberation time. For 2 seconds 
reverberation time, the level should have dropped 15 
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decibels in 4 second; for 1 second reverberation time, it 
should have dropped 30 decibels in 4 second; for 4 sec-
ond reverberation time, it should have dropped 60 deci-
bels, and so on. It was found that heads which atten-
uated more than 30 decibels contributed a negligible 
amount to the over-all quality of the reverberation, 
and so they were cut out entirely. Knowing the attenu-
ation for the last head for each reverberation time, the 
attenuation for the other heads is easily determined, 
since the decay is plotted in decibels linear with time. 
Fig. 6 shows the type of attenuation network used, 

and Fig. 7 shows the taps and switching arrangement 
used to obtain the different reverberation times. Thir-
teen playback heads in all were used for this, and their 
outputs were connected in series to go into the play-
back amplifier. The attenuation network for each head 
was built up of 5 small resistors to give the proper taps 
for the 5 reverberation times. 
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Fig. 7 

As was brought out previously in this discussion, 
producing different decay times for different frequen-
cies would require a different response from each pick-
up head. To obtain this would require a separate and 
different equalizer for each head. Furthermore, as was 
also brought out, it is desirable to have this frequency 
response variable to give the effect of rooms with dif-
ferent absorption characteristics. The design of a sepa-
rate variable equalizer for each head was left for future 
consideration. In the machine built, a compromise was 
made in this respect, and all heads were adjusted for 
the same frequency response, and a single variable 
equalizer was used. This was the schematic drawing of 
the circuit shown in Fig. 8. With the control in the 
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Fig. 8 

position for maximum high-frequency level, the re-
sponse obtained was such that the level dropped gradu-
ally for frequencies above about 800 cycles, being 18 or 
20 decibels down at 6000 cycles. Causing the low fre-
quencies to have a higher level than the high frequencies 
gives an effect of accentuated bass notes to the rever-
beration. 
It has been previously mentioned in this article that 

earlier designs of magnetic tape reverberation synthe-
sizers were impractical because of the fact that there 

was a series of loud clicks in the output each time the 
tape splice passed through the heads. These clicks were 
so objectionable that a method had to be devised to 
eliminate them. The method used consisted in cutting 
off the playback amplifier for a fraction of a second 
while the joint passed through the heads. Since the di-
rect channel was not interrupted, the sound signal was 
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Fig. 9 

not lost altogether—only the reverberation. To accom-
plish this, a microswitch actuated by a lever with a 
roller at one end was mounted so that the roller was in 
contact with the edge of the tape. This arrangement 
was designed by the engineers of The Brush Develop-
ment Company. A notch about I of an inch long was 
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Fig. 10 

cut in the tape as shown in Fig. 9, so that the switch 
would be actuated just before the tape joint reached 
the first pickup head. The operation of this switch ap-
plied a bias to the second stage of the amplifier suffi-
cient to make the tube inoperative. The circuit of Fig. 10 
was used so that this sudden application of voltage 
would not in itself cause an objectionable click. 
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Fig. II 

When the microswitch is closed, condenser C1 is im-
mediately charged to the full voltage of the direct-
current supply E. This charges condenser C2 through 
resistance RI, and thus puts additional bias on the tube. 
Condenser Cy  is then discharged through resistance 
R2 and the amplifier is again in operation. The time 
constants of the two circuits are chosen so that there is 
a rapid build-up of biasing voltage, and a slower decay. 
The relation of this to the passage of the joint through 
the heads is shown in Fig. 11. As can be seen, the am-
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plifier is already slightly operative before the joint 
leaves the last heads, but this is not objectionable be-
cause the output of the heads is attenuated consider-
ably with respect to the direct level. Since the ampli-
fier is blocked for less than I of a second, the tempo-
rary loss of the reverberation is not noticeable. 

Fig. 12 

The method of coupling the outputs of the two am-
plifiers should also be mentioned. Since this machine 
was designed to operate with regular studio amplifiers, 
no special attempt was made to obtain sufficient power 
output to drive a speaker. As the recording head was 
connected to the output stage of the recording ampli-
fier, it was necessary, in order to prevent feedback 
through the tape, to place an attenuator pad between 
the output of the playback amplifier and that of the re-

cording amplifier when mixing their outputs. By means 
of a semifixed volume control on the chassis of the 
playback amplifier, the level of the signal from this 
amplifier at the output terminals was adjusted to its 
proper value with respect to the direct level at the same 
terminals, and thereafter was not changed, the studio 
amplifier being used to give all control of the over-all 
volume. 
Fig. 12 is a photograph of the tape unit showing the 

spacing of the heads. Fig. 13 shows the control unit. 
The illusion of reverberation produced by this unit 

is very realistic. Both speech and music attain more 
pleasing qualities when the proper amount of reverbera-
tion is added. Individual echoes are almost unnotice-
able, but instead, they are blended into a gradual decay 
of sound. The greatest value of the unit seems to lie in 
the great increase in brilliance and .color which is given 
to music. This is especially true for music of large 
orchestras, the music of which had been picked up by 
microphones giving too little reverberation. 
A machine like the one described might easily be 

modified so that other sound effects could be obtained 
as well. For instance, a single pickup head or a series of 
widely spaced heads would give either a single echo, or 
a series of distinct echoes. Unusual effects would be 
produced by varying the level of the echo, making it, 
for example, louder than the direct sound. 
If a synthetic-reverberation system is to become gen-

erally used in auditoria and recording and broadcasting 
studios, it must be useful for speech, music, and sound 

Fig. 13 

effects, must be mechanically and electrically fool-
proof, have low maintenance cost, and must make it 
possible to control the intensity and frequency re-
sponse of the signal. 

At the present time, about the only system that 
gives promise of meeting all of these requirements is 
a magnetic tape recording system. This device has 
been used experimentally by the three large broadcast-
ing systems and in a theatrical production at Stevens 



Institute in Hoboken, New Jersey, the results of which 
were discussed by Burris-Meyer." 
In addition to reverberation and echo control, the 

magnetic tape system should prove to be a valuable 
experimental tool in the field of sound research. The 
following are some of the more obvious experimental 
uses: (1) the study of acoustical patterns; (2) the study 
of the modulation of sound-decay curves; (3) the study 

77  Harold Burris-Meyer, "The use of the remade voice subsonic 
and reverberation control." Presented, Acoustical Society of Amer-
ca, Rochester, N. Y., May, 1941. 

of desired frequency response; (4) the study of the 
build-up and decay of acoustic energy in auditoria; and 
(5) the study of space phasing for improving the nat-
uralness of the public-address system. 
Vincent Mallory, Harold Burris-Meyer, and the 

author conducted some preliminary experiments on 
the last-mentioned application and can report that a 
higher degree of intimacy and intelligibility can be 
accomplished by such a system than is accomplished 
by present-day public-address systems. 

Television Transmission* 
M. E. STRIEBYt, MEMBER, I.R.E., AND C. L. WEISt, ASSOCIATE, I.R.E. 

Summary—Experiments in the transmission of television signals 
over wire lines have been tnade from time to time as the television art has 
developed.'  -9 The present paper discusses experiments made during the 
summer of 1940 with 441-line, 30-frame interlaced signals transmitted 
over coaxial cable and other telephone facilities. Some of the general 
problems of wire transmission have been included. /n particular, the 
results of transmission studies on a system linking New York and 
Philadelphia will be reported. 

SOURCE OF SIGNAL AND RECEIVING DEVICE 

A
S a source of television signals for testing pur-
poses it was desirable to obtain high-grade sig-
nals covering a variety of images. Among the 

things desired were a high signal-to-noise ratio, faithful 
reproduction of a wide range of tones from black to 
white, a high degree of freedom from distortions in 
response over the frequency band, and an adequate 
frequency band. A moving-picture projector with an 
image-dissector tube and the necessary circuits for 
providing sweep, blanking, and synchronization were 
assembled for this purpose and are described by Jen-
sen.' This picture-signal generator is located in the Bell 
Laboratories at 180 Varick Street. Signals generated 
there were transmitted to the Pennsylvanian Hotel 
over telephone cable circuits equipped with suitable 
amplifiers and equalizers, using methods discussed 

' Decimal classification: R583. Original manuscript received by 
the Institute, April 8, 1941. Presented, Sixteenth Annual Conven-
tion, New York, N. Y., January 11, 1941. 
t Bell Telephone Laboratories, Inc., New York, N. Y. 
1 Herbert E. Ives, "Television," Bell Sys. Tech. Jour., vol. 6, 

pp. 551-559, October, 1927. 
2 Herbert E. Ives, "Image transmission system for two-way 

television." Bell Sys. Tech. Jour., vol. 9, pp. 448-469; July, 1930. 
' R. D. Kell, A. V. Bedford, and M. A. Trainer, "An experi-

mental television system—the transmitter," PROC. I.R.E., vol. 22, 
pp. 1246-1265; November, 1934. 

4 "The first real television. How the coronation procession was 
televised," London Telev., vol. 10, pp. 335-339; June, 1937. 

4 "Broadcasting and the coronation," Nature, vol. 139, pp. 747; 
May, 1937. 

4 "Der Deutsch-Sprechverkehr eroffnet," Berlin Leipzig Telev., 
May 25, 1936. 

7 Axel G. Jensen, "Film scanner for use in television transmission 
tests," PROC. I.R.E., vol. 29, pp. 243-250, May, 1941. 
s "Television-Telephone," 9Berlin-Munich Television," London 

Telev., vol. 11, p. 468; August, 1938. 
' Revue des telephone, Tekgraphes et T.S.F.—"Uoverture due 

Service de Visiotelephonie," vol. 16, p. 343, April, 1939. 

later. The results show that a signal has been obtained 
with reasonable freedom from noise and distortion, of 
high contrast, and a band width of about 4 megacycles. 
A complete carrier system over the coaxial cable to 
Philadelphia and back was added to the video circuit. 
Using the repeaters which were designed primarily for 
480-channel telephone service this system provides an 
effective band with of about 21 megacycles. 
For reproduction of transmitted scenes, a special 

tube"." was provided in order that those viewing the 
tests might be able to see troubles or distortion in the 
system more clearly than would be seen on present-day 
commercial receiving sets. This was accomplished by 
a number of refinements which are justified by the de-
sire for a high-grade testing tool. A very long tube 
(about 5 feet) was built to avoid moving the electron 
beam over a wide angle. Ten-thousand-volt beam po-
tential and an efficient screen material were used to 
obtain a high-light brightness of 10 foot-lamberts with 
a picture area of 0.5 square foot. Accurate overlap and 
interlacing were obtained by using a rectangular spot 
and carefully designed sweep circuits. The area, rather 
than the intensity, of this spot is modulated by the 
signal to control the picture brightness. At maximum 
brightness the electron beam, which is square in cross 
section, passes through a rectangular aperture of about 
the same size. At minimum brightness the beam is 
moved horizontally so that none of it, except stray 
electrons, passes through the aperture. This results in 
a rectangular spot of constant height and a width de-
termined by the amount of the modulating signal. This 
design gives a tube which is characterized by the ab-
sence of blooming, and by an improvement in the 
sharpness of focus at the edges of the field. 
In order to reproduce a good picture it is necessary 

to reproduce small incremental changes in brightness 

10C. J. Davisson, United States Patents, Nos. 2,217,197 and 
2,217,198, October 8, 1940. 

11 H. E. Ives, "Transmission of motion pictures over a coaxial 
cable," Jour. Soc. Mot. Pic. Eng., vol., 31 pp. 256-272; September, 
1938. 

July, 1941  Proceedings of the I.R.E.  371 



372 Proceedings of the I.R.E. July 

as well as to provide a wide range of picture brightness. 
By adding a compensating circuit at the signal genera-
tor which corrects for the nonlinearity of the receiving 
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Fig. 1—Brightness range of system. 

tuLe, it has been possible to increase, by about 3 times, 
the range of object brightnesses for which significant 
small steps are discernible. The over-all object—image 
brightness characteristic for the signal generator and 
the receiving tube is shown on Fig. 1. This compensa-
tion materially improves the picture without imposing 
more rigid requirements on the transmitting medium 
or the receiving device. 

COAXIAL CABLE SYSTEMS 

The general problem of telephone and television 
transmission over long coaxial cable systems has been 
discussed previously"," and will be dealt with here 
only to the extent necessary to describe the presently 
available facilities. The type of cable now being en-
gineered" represents some improvements over the 
New York-Philadelphia cable used for the demonstra-
tion and previously described. The new type of cable" 
is illustrated in Fig. 2, which shows a section of the 

Fig. 2—Photograph of coaxial cable—Stevens 
Point-Minneapolis type. 

underground cable which was installed last year be-
tween Stevens Point, Wisconsin, and Minneapolis, 
Minnesota, a distance of about 200 miles. It contains 
four coaxial conductors, each about I inch in diameter. 

12  L. Espenschied and M. E. Strieby, "Wide band transmission 
over co xial lines,"Elec. Eng., vol. 53, pp. 1371-1380; October, 1934. 

13  M. E. Strieby, "A million cycle telephone system," Elec. Eng., 
vol. 56, pp. 4-7; January, 1937. 
" 0. S. Markuson, "Stevens Point-Minneapolis coaxial cable," 

Bell Lab. Rec., vol. 19, pp. 138-142; January, 1941. 
" J. F. Wentz, "Transmission characteristics of the coaxial 

structure," Bell Lab. Rec., vol. 26, pp. 196-200; February, 1938. 

Two of these are used for regular transmission, one in 
each direction. The other two are completely equipped 
and carry the same signal in a parallel emergency cir-
cuit. Arrangements are provided to cut in the emer-
gency circuits automatically at intervals of 50 miles in 
case of trouble on the regular circuits. The measured 
transmission characteristics of these conductors are 
shown in Fig. 3. 
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Fig. 3—Constants of 0.267 inch coaxial cable. 
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Repeaters 

The band width which a coaxial system will pass is 
determined by the design of the amplifiers which are 
provided to overcome the attentuation. The system 
used for these tests was equipped with "3-megacycle" 
amplifiers which are installed at intervals of about 5 
miles—a total of 40 in the demonstration loop circuit 
from New York to Philadelphia and return. As can 
be seen in Fig. 3, the attenuation of 5 miles of present-
design coaxial cable is about 50 decibels at 3 mega-
cycles. This loss is quite accurately counterbalanced 
by the gain of the amplifier and associated equalizing 
equipment over a range from about 60 to 3100 kilo-
cycles. The amplifiers themselves are small plug-in 
units, two of which, one for each direction of trans-
mission, constitute a repeater, and are mounted with 
the necessary associated equipment in a waterproof 
housing about 2 feet X2 feet X1 foot. Such a repeater 
mounted on a pole is shown in Fig. 4. At other loca-
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dons these are placed underground in manholes, or in 

suitable shelters. 
Due to temperature variation the attenuation of the 

cable changes by about + 10 per cent during the year, 
if it is installed above ground, or about one third that 
amount if it is placed underground in the usual man-
mer. These changes are compensated over the whole 
frequency range by an automatic regulating device 
associated with each amplifier and actuated by a pilot 
channel at 2064 kilocycles. At the output of each am-
plifier this pilot frequency is selected, amplified, and 
used in a back-acting circuit to control the amplifier 
gain properly over the frequency range. This devi, 
maintains the transmission even on long systems to 
within a fraction of a decibel near the pilot frequency 
and to a fair degree of approximation over the entire 
frequency range. As the length of the system is built 
up it has been found desirable to provide mop-up 
equalization at intervals of about 50 miles to neutralize 
the cumulative effect of these inaccuracies. As a result 
it is feasible to keep the transmission over the entire 
frequency band within a fraction of a decibel for a 
number of such circuit lengths. For circuits of 500 

watts. The commercial power supply at attended sta-
tions is supplemented by stand-by equipment for 
emergency use in case of commercial power failure. 

Noise and Modulation 

Extraneous noise from the line, such as static, radio 
interference, and cross talk, is practically negligible 
above about 50 kilocycles in this design of coaxial 

Fig. 4—Photograph of coaxial repeater. 

miles or more in length it is expected that it will be 
necessary to do further mopping-up and adjusting 
from time to time to take care of the accumulation of 
these distortions. As an aid in maintaining the system, 
two additional pilot channels have been provided, one 
at 64 kilocycles and another at 3096 kilocycles. At 
each 50-mile attended station these actuate voltmeters 
to indicate the transmission at these frequencies. 
Power for operating the amplifiers is fed over the 

coaxial conductors themselves at 60 cycles from at-
tended stations about 50 miles apart. Each repeater, 
including the automatic regulators, uses about 50 
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Fig. 5—Photograph of coaxial plug and jack. 

cable. Effective shielding of the repeaters and terminal 
apparatus is necessary to prevent outside interference 
from entering the system at these points. As far as 
possible all parts of the circuit carrying the signal are 
connected by coaxial leads until inside well-shielded 
compartments. Thus we may visualize the system as 
one continuous coaxial line with bulges introduced 
wherever equipment is added. Patching connections 
are made by coaxial plugs and jacks and flexible coax-
ial cords having heavy braided shields. Fig. 5 shows 
their construction. Residual noise in the over-all sys-
tem arises largely from tube noise in the amplifiers and 
is 2 or 3 decibels above thermal noise over the useful 
frequency band. Experiments show that this type of 
noise increases in proportion to the square root of the 
length of the system. 
No appreciable modulation has been found in the 

cable itself. Modulation is always present in amplifiers, 
however, and if large enough gives rise to several de-
fects in the television image. As the operating power 
in this system comes from an alternating-current 
source, small amounts of 60- and 120-cycle sidebands 
are present in the received signal. Unless kept at a 
low level these will appear on the screen, as one or two 
dark horizontal bands across the picture. The various 
power sources encountered in long circuits will, in 
general, not be synchronized with one another or with 
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the sweep circuits of the receiver; hence the bands will 
tend to move slowly up and down across the picture. 
Under normal conditions no effect of this nature can 
be seen on the 200-mile demonstration circuit. 
Another type of modulation trouble may arise from 

interaction of the various signal components with the 
pilot channels, the carrier frequency, or between each 
other. Second-order products have been measured on 
these systems and are found to increase, as would be 
expected, as the square root of the number of repeaters. 
These systems have been designed to keep this effect 
at a satisfactorily low value. Disturbances due to 
third-order modulation products on the 200-mile sys-
tem are below the threshold of visibility. On theoretical 
grounds, however, one would expect that in a system 
in which the time of transmission is uniform with fre-
quency continuously along the line the third-order 
products would add as voltages. If this were the case 
they would be objectionable on very long circuits, but 
since we lump the equalization at discrete points the 
indications are that voltage addition will not occur and 
that the result will not be so large as to cause serious 
effects in present coaxial systems. This matter, how-
ever, must remain somewhat in doubt until very long 
systems have become available for measurement. 

Delay Distortion 

One of the most serious problems encountered in 
television transmission is to provide equal time of 
transmission for all of the different frequency compon-
ents of the signal. The degree to which the transmis-
sion time must be equalized is set by the allowable 
displacement, on the screen, of units of the picture as 
determined by the ability of the eye to resolve them. 
The time of transmission of a television system is con-
stant only if the phase shift is proportional to the fre-
quency from the lowest to the highest frequency in the 
transmitted range. Permissible departures of the phase 
shift from linearity with the frequency depend prin-
cipally on whether this departure is abrupt, gradual, or 
periodic. 
On a long repeatered transmission system it is not 

feasible to measure phase shift; first, because there is 
no standard of phase reference at the far end and sec-
ond because it is continually changing with time for all 
frequencies by small amounts. For this reason it has 
been found expedient to measure the rate of change 
of phase shift with frequency over a small interval. 
This is called an envelope-delay measurementm." and 
is discussed more fully in a later section. 
Requirements on delay for telephone transmission 

are very lenient and the steps taken to provide a trans-
mission system, good in this respect, are chargeable to 
television. Differences in delay exist in the cable itself 
and in most all of the equipment associated with it. 

18 H. Nyquist and S. Brand, "Measurement of phase distortion," 
Bell Sys. Tech. Jour., vol. 9, pp. 522-549; July, 1930. 
" C. E. Lane, "Phase distortion in telephone apparatus," Bell 

Sys. Tech. Jour., vol. 9, pp. 493-521; July, 1930. 

Lack of perfect equalization of these delays produces 
multiple images both preceding and following. Large 
numbers of such images usually appear as smearing or 
streamers. Frequency-band limitation also produces 
transients which are similar to those produced by im-
perfect equalization of delay and attenuation. 
In any system, in which the impedance is not strictly 

uniform throughout, similar effects are produced by 
reflections at the impedance irregularities. In the co-
axial system, for example, the repeater impedances do 
not match the cable impedances at all frequencies. 
The cable itself is not exactly of uniform impedance, 
due to variations in The manufacturing process. Such 
impedance irregularities18-23  give rise to multiple reflec-
tions between themselves and result in small portions 
of the main signal arriving at the far end somewhat 
delayed, since they have traversed part of the system 
three times rather than once. Th e reflected compon-
ents produce a "ghost" image displaced from the orig-
inal on the received picture. 

On the 200-mile New York-Philadelphia system the 
effects of the various types of distortion mentioned 
above are barely visible. In the demonstration their 
effect on the picture will be exaggerated by removing 
some of the equalization. With our present manufac-
turing technique these difficulties do not appear to be 
serious in the present state of the television art. 

Frequency Band Width 

It is known that the detail available in a received 
television image which is free from other defects is 
determined by the frequency band. The extent to 
which detail can be appreciated, however, depends 
upon the eye and other factors. A recent paper,24 deal-
ing with these matters, shows that for band widths 
considerably less than 4 megacycles there is a surpris-
ingly small loss of the detail perceptible to the usual 
observer. This conclusion is illustrated vd confirmed 
by comparison of the image received over the coaxial 
system between New York and Philadelphia (21- mega-
cycles wide) and local transmission (4 megacycles 
wide). Under usual viewing conditions (4 to 6 feet) 
many careful observers fail to pick the difference in this 
comparison. This point is mentioned in order to help 
appraise the value of band width in relation to its 
over-all cost. 

What band width the economics of television broad-

18  Didlaukis and Kaden, "Impedance uniformity," Elek. Nach. 
Tech., vol. 14, pp. 13-23; January, 1937. 

1.  Pierre Mertz and K. W. Pfleger, "Irregularities in broad-band 
transmission circuits," Bell Sys. Tech. Jour, vol. 16, pp. 541-559; 
October, 1937. 

" L. Brillouin, Annales des Posies, Tekgraphes, et Telephones, 
vol. 27, pp. 269-321; April, 1938. 

21 . Leon Brillouin, "Irregularities in telephone and television 
coaxial cables," Elec. Comm., vol. 17, pp. 164-187; October, 1938. 
" Annaks des Posies, Tekgraphes, et Telephones, vol. 27, pp. 

997-1021; December, 1938. 
" Annaks des  143-173; March1939.Posies, Tekgraphes, et Telephones,  vo l. 28,  pp.  

,   
14  M. W. Baldwin, Jr., 'The subjective sharpness of simulated 

television images," Bell Sys. Tech. Jour., vol. 19, pp. 563-586; 
October, 1940; PROC. I.R.E., vol. 28, pp. 458-468; October, 1940. 
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:asting will justify is beyond our knowledge and the 
scope of this paper. However, favorable results of the 
broadcast of the Republican convention, the demon-
stration accompanying this paper, and the paper by 
Baldwin?* are believed to be contributions to the solu-
tion of that problem. Development work to canvass 
the possibilities of wider-band repeaters and line sys-

tems is also under way. 
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filter for transmission over the coaxial line. The main 
sideband now extends from 311 kilocycles to approxi-
mately 3.3 megacycles with the vestigial sideband ex-
tending down to approximately 200 kilocycles. At this 
point, only partial shaping of the vestigial sideband and 
carrier-frequency region has been obtained, the re-
mainder of the shaping is accomplished at the receiv-
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For transmission over the coaxial line the video sig-
nal must be translated in frequency into the transmis-
sion band of the carrier amplifiers. The general method 
of accomplishing this has been discussed previously.25 
Fig. 6 illustrates the translation method in detail. 

Transmitting End 

A video signal which extends to 3 megacycles is first 
modulated with a carrier frequency of 7.945 mega-
cycles. This modulator is of the conjugate-balance 
type with provisions for transmission of any required 
amount of average carrier. The lower sideband of this 
modulation process together with a vestige of the upper 
sideband is then selected by a band filter. This band 
is then modulated with a carrier frequency of 8.256 
megacycles and the lower sideband of the second 
modulation process selected by means of a low-pass 

26  M. E. Strieby, "Coaxial cable system for television transmis-
sion," Bell Sys. Tech. Jour., vol. 17, pp. 438-457; July, 1938. 
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Fig. 6—Method of shifting video to carrier band. 

There is a concentration of energy in the low-fre-
quency region of a video signal which in this case is in 
the region of the carrier. It is evident that a consider-
able advantage, in minimizing modulation distortion 
and noise introduced by the coaxial line, can be ob-
tained by partially equalizing this energy content over 
a wider portion of the frequency band. This is accomp-
lished at the transmitting terminal by the use of a 
"pre-emphasizing" network in which the loss decreases 
with rising frequency. The delay distortion accom-
panying the partial shaping of the signal in the trans-
mitting band filter is equalized before transmission 

over the coaxial line. 
The coaxial line utilizes three pilot frequencies for 

regulation purposes as noted above. The lower pilot 
frequency, 64 kilocycles, is removed at the receiving 
terminal by the use of a high-pass filter. The inter-
mediate and upper pilots, 2064 and 3096 kilocycles, 
respectively, fall within the transmitted television 
band. The specific frequency allocation was chosen so 

UPPER SIDEBAND 
(SUPPRESSED) 

9  10 

2.81 

11.367 

12 



376  Proceedings of the I.R.E.  July 

as to place these pilot frequencies approximately mid-
way between the line-scanning frequency components. 
From scanning theory" it is known that susceptibility 
to interference falling midway between scanning-line 
components is much less than when the interference 
falls close to them. The residual interfering effect is 
minimized at the receiving terminal by the use of 
sharply selective circuits with very little distortion of 
the adjacent signal components. 

Fig. 7—Photograph of carrier terminal. 

Another factor in the choice of line-frequency allo-
cation was the placing of the line-frequency carrier 
so that the second-order-modulation products also fall 
in the "empty energy regions" of the television signal. 
Thus the modulation requirement for second-order 
products, which is usually the most severe, is reduced 
considerably. 
Provision is made for the transmission of a program 

channel in the region of 70 to 85 kilocycles; this band 
is added to and separated from the picture signal at the 
transmitting and receiving terminals, respectively, by 
means of appropriate filters. 

Receiving End 

The function of the television-carrier receiving ter-
minal is to recover the original video signal from the 
received carrier wave. This terminal is, generally 
speaking, the inverse of the transmitting equipment. 
The line signal as received is "restored" or "de-empha-

24 P. Mertz and F. Gray, "A theory of scanning and its relation 
to the characteristics of the transmitted signal in telephotography 
and television," Bell Sys. Tech. Jour., vol. 13, pp. 463-515; July, 
1934. 

sized" by a network having the complementary loss 
frequency characteristic of that employed at the trans 
mitter. The signal is then modulated with a carrie 
frequency of 8.256 megacycles and the lower side 
band and a vestige of the upper sideband selected by 
a following band filter. This filter is a duplicate o 
the one employed after the first modulation process a 
the transmitter. At this point the total shaping of the 
vestigial and main sideband energy in the carrier re-
gion has been accomplished so that the addition of the 
components in these two regions during the final de-
modulation process will result in the original video 
signal. 
The final demodulation step employs envelope de-

tection using a linear diode rectifier. This method of 
final demodulation eliminates the necessity of syn-
chronized carrier frequencies at the transmitting and 
receiving terminals, which we 4inployed in a similar 
system demonstrated in 1937." The carrier frequencies 
are supplied from local oscillators, of simple form, 
which are required to have only moderately stable fre-
quency characteristics. 
The "quadrature-component" distortion which ac-

companies single-sideband or vestigial-sideband trans-
mission systems has been discussed previously.27 With 
a ratio of vestigial band width to main sideband width 
of approximately 4 per cent, the value employed in 
the present system, this quadrature-distortion term 
becomes quite large. By transmitting a larger carrier 
component this distortion term may be reduced to a 
satisfactory value. In this system the peak-to-peak 
value of the average transmitted carrier component is 
made equal to twice the peak-to-peak amplitude of the 
video envelope of the modulated wave which reduces 
the distortion from this source to an acceptable 
amount. 

The physical arrangement of the carrier terminals is 
shown in Fig. 7, where the bay on the rig,ht is the trans-
mitting equipment and the left bay contains a com-
plete receiving terminal. Both terminals operate di-
rectly from the alternating-current mains. 

VIDEO TRANSMISSION ON CONNECTING CIRCUITS 

The problem of providing short connecting circuits 
in cities between pickup or distribution points and 
television studios, control boards, or transmitters is 
quite different from that of intercity networks. The 
needs for such circuits may be expected to be extremely 
variable and to call for circuits on short notice to al-
most any point. Such facilities may be more or less 
permanent or may be used only once. These consid-
erations have led to the development of means for 
adapting an existing telep hone  plant  for  television  

transmission on relatively short notice. For use where 
permanent facilities can be justified, special types of 
cable are being developed. 

27  H. Nyquist and K. W. Pfleger, "Effect of the quadrature 
component in single sideband transmission," Bell Sys. Tech. Jour., 
vol. 19, pp. 63-73; January, 1940. 
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Television equipment to which such circuits must 
connect is usually designed to be 72 ohms, unbalanced 
(i.e., one side grounded) and to use video-signal trans-
mission. To avoid special terminal modulators the sig-
nal must be transmitted video. This means transmis-
sion of a frequency range of perhaps 45 cycles to 3 or 
4 megacycles. For such low frequencies the unbal-
anced coaxial structure is not well suited, as it is sub-
ject to low-frequency interference. For distances of a 
mile or so a coaxial cable has been used successfully 
but usually requires special precautions to avoid 
power-frequency interference. A balanced circuit is to 
be preferred for this reason. 

Telephone Cables 

Ordinary telephone cable circuits have been found 
to be suitable for this purpose. Two difficulties are 
usually present, first, the high attenuation per unit 
length and second, the way such cables are branched 
at frequent points to provide flexibility for regular 
telephone use. These branches, called "bridged taps," 
cause such serious impedance irregularities that they 

must be removed. 
The attenuation of ordinary cables ranges from 25 

to 95 decibels per mile at 4 megacycles, depending on 
the gauge and capacitance. Amplifiers are, therefore, 
required at frequent intervals. The maximum televi-
sion signal which can be put on such a cable without 
causing too much interference in adjacent telephone 
circuits appears to be of the order of 5 volts peak to 
peak. The lowest level to which the television signal 
may drop without encountering interference from the 
telephone circuits varies widely. In areas we have 
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the existing telephone plant and is typical of these 
facilities. The arrangement is shown in Fig. 8 to con-
sist of three links employing four amplifiers. 

Video Amplifiers 
Terminal amplifiers are required to provide a means 

for connecting the 72-ohm, unbalanced, apparatus to 
the telephone cable which is about 110 ohms, balanced. 
The receiving amplifier may be seen with the demon-

tested where the circuits are all in cable the lower limit 
is the order of 65 decibels below 1 volt. However, in a 
few tests where exposed drop wire enters the cable, 
the interference was found to be very much higher. The 
distance between amplifiers in these experiments has 
varied from about  mile to 1i miles with the average 
slightly under 1 mile. 
The circuit used to bring a demonstration from the 

Bell Laboratories to the Pennsylvania Hotel used 
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Fig. 9—Equalization method on video circuits. 

stration apparatus. These amplifiers are designed to 
introduce some pre-emphasis of the high frequencies 
at the sending end and corresponding de-emphasis at 
the receiving end. This arrangement increases the en-
ergy at high frequencies on the line where it is subject 
to interference from relay operation, particularly in 
machine-switching telephone offices: The intermediate 
amplifiers have essentially flat gain —frequency charac-
teristics before the equalizers are added. 
The equalization of such circuits for amplitude and 

delay distortion is accomplished by equalizers at the 
intermediate and receiving points. The equalizers are 
variable in three ways: (1) loss constant with fre-
quency; (2) loss decreasing with frequency (inversely 
to the cable); and (3) "bulge" or "bow" up or down in 
the middle frequency range. By properly selecting the 
type of network and the amount of loss, it has been 
possible to equalize a wide variety of circuits. The 
general shape of the frequency characteristics neces-
sary for a typical line are shown in Fig. 9. The over-all 
transmission characteristics of video circuits of this 

kind are shown in Fig. 10. 

Special Cables 
Special cables with which we have experimented for 

television transmission have been designed on a bal-
anced shielded basis but are otherwise similar to co-
axial cables. They make it possible to span distances 
of 5 miles or more between amplifiers. The same type 
of amplifiers and equalizers may be used as indicated 
above for ordinary telephone cables. Measurements on 
a special cable containing shielded balanced pairs in-
stalled in New York City and equipped with amplifiers 
indicate that there are no serious technical difficulties 



378 Proceedings of the I.R.E. July 

involved in providing such facilities. A typical trans-
mission characteristic is shown on Fig. 10. 
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Fig. 10—Over-all characteristics of some video circuits. 

REPUBLICAN CONVENTION BROADCAST 

In June, 1940, various scenes from the Republican 
convention in Philadelphia were televised, trans-
mitted to New York over wire lines, and broadcast 
from the Empire State Building. This experiment in 
network broadcasting was made jointly by the Na-
tional Broadcasting Company and by the American 
Telephone and Telegraph and associated companies. 
The wire-line circuits consisted of about 96 miles of 
coaxial cable and about 9 miles of ordinary paper-
insulated telephone cable. A total of about 50 ampli-
fiers were employed. The over-all transmission charac-
teristics of this circuit are given in Fig. 11. As shown, 

:713  4 

,31,71  2 

05 
zgi-10  

0 

400  800  1200  I800  2000  2400 
FREQUENCY  IN KILOCYCLES PER SECOND 

2800 

Fig. 11—Republican convention circuit over-all characteristic. 

the attenuation is constant over the frequency band 
within about +1.5 decibels and the delay distortion 
is within about +0.3 microsecond. 
The over-all characteristics of the circuit demon-

strated have about the same transmission characteris-
tics in spite of the fact that the total length of circuit 
is nearly twice as great. 

METHODS OF MEASUREMENT 

It is of prime importance in setting up any transmis-
sion circuit to know the characteristics of the medium 
and the apparatus which goes with it to send and re-
ceive the signal. Since the television signal is essentially 
a transient phenomenon it would be logical to assume 
that a method of measuring the performance of a sys-
tem which is based on its transient response would be 
the proper one. There are certain difficulties, however, 
in interpreting the cause of some of the transients re-
sulting from distortions in the system. After such de-
fects have been located and corrected the final criterion 
of the result must, of course, be the transient picture 
itself. For fundamental studies of distortions in the 
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Fig. 12—Photograph of coaxial attenuator. 

parts of a system or for locating their position in the 
combined system, we have continued to use, mostly, 
the more laborious steady-state technique. In some 
cases testing with pulses and square-top signals has 
been useful in determining what particular character-
istic to study in greater detail. The necessary accuracy 
has always been obtained by the steady-state methods. 
For line studies it is necessary to measure the at-

tenuation and phase constants before and after equali-
zation. In the design of new lines the distributed con-
stants are most important. The impedance of elements 
which go into the apparatus attached to the line and 
the impedance of the lines themselves must also be 
measured. This section reports the methods we have 
used and the order of accuracy we have obtained. 

Insertion Loss, Attenuation 

Single-frequency measurements of insertion loss in 
the range from 50 kilocycles to 4 megacycles are made 
with a calibrated oscillator and detector which must 
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be stable during the time of a single measurement. The 
reference standard is an adjustable attenuator, ac-
curate to 0.1 decibel and with negligible phase shift up 

to 4 megacycles. 
For checking the working standards a primary lab-

oratory standard of the "coaxial" type is used. The 
construction is shown in Fig. 12. The units in this at-
tenuator are unusual in that the series elements of the 
pads are plated rods used as central conductors in 
coaxial outer shells. The shunt elements are plated 
disks. Due to the symmetry of construction and the 
thin conducting surfaces, there is no skin effect in the 
resistances and only the theoretical phase shift for a 
few inches of coaxial structure. The units have been 
adjusted to be better than 0.1 decibel for values up to 
40 decibels. Its loss has no measurable change with 
frequency up to 100 megacycles and it is probably con-
stant well beyond this frequency. 
Where the over-all loss is not great, as is the case 

with repeaters in place, straightaway measurements of 
sent and received voltage are made with two high-
frequency thermocouples and a calibrated oscillator. 
Fig. 13 shows a field thermocouple set. The range of 
loss measurable is limited to about 10 decibels from 1 
milliwatt for an accuracy of 0.1 decibel. 

Phase and Delay 
In an over-all television system, as explained above, 

if the phase shift is proportional to the frequency from 
the lowest to the highest frequency in the transmitted 
range, the system will have no phase or delay distor-
tion. Departures from this ideal condition generally 
manifest themselves in the received picture in two 
ways: (1) reduction in sharpness of edges and (2), 
ghosts. The type of phase distortion associated with 
(1) is a gradual departure of phase shift from linearity 
with the frequency and that associated with (2) is an 
abrupt change in the phase shift, or a periodic varia-
tion of phase shift from linearity with the frequency. 
Apparatus has been developed with which either type 
of distortion may be measured with an accuracy sev-
eral times as good as that required for satisfactory pic-
ture transmission. 
In the coaxial carrier system the phase distortion is 

of importance only in the frequency range transmitted 
over the coaxial. Thus, in the carrier system there is 
no distortion if, over the entire frequency range trans-
mitted, 

(13, — Se) = k(f — 

Of and 0, are the phase shifts at any frequency (f) and 
at the carrier frequency (c), respectively, and (k) is 

some constant. 
On over-all television systems the phase shift of 

single frequencies has generally been measured up to 
about 50 kilocycles. At higher frequencies, envelope-
delay measurements have been made, either on a loop 
or straightaway. For loop measurements, these enve-
lope-delay measurements give 

(i+a — Of)/27 A 

delay in microseconds where # is expressed in radians 
and A is the frequency interval in megacycles between 
the two frequencies used for the measuring envelope. 
In the case of straightaway measurements, the result is 

(13f+4 — 13/)/27 A  K 

in microseconds, where K is a constant which does not 
affect the distortion. In either case the actual phase 
departure from linearity with frequency is obtained by 
the summation of the envelope-delay measurements. 
In order to determine the performance of a television 

system we have usually obtained the gradual departure 
of phase shift from linearity with frequency by means 

Fig. 13—Photograph of thermocouple set. 

of envelope-delay measurements using a wide fre-
quency interval (perhaps 50 kilocycles). If there are 
abrupt or short-period departures from linearity, these 
wide-interval measurements are supplemented by en-
velope-delay measurements using a narrower interval 
(perhaps 8 kilocycles). In the case of the New York-
Philadelphia coaxial loop, measurements with a 50-
kilocycle interval were sufficient to determine the phase-
equalizer design, the short-period variations being 

small. 
Loop phase measurements at frequencies below 5 

kilocycles have generally been made by introducing a 
variable phase shift in a reference circuit and making a 
bridge balance of the received signal from the loop and 
the signal from the reference circuit. An accuracy of 
better than 0.1 degree has usually been obtainable by 
this method, the limit being set by noise in the system 
being measured. At frequencies above 5 kilocycles, the 
test frequency has usually been modulated to 50 kilo-
cycles so as to use one 360-degree phase shifter for all 
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Fig. I4—Photograph of phase-measuring set No. 3. 

measurements. With this method the accuracy has 
generally been better than 0.1 degree. Fig. 14 shows 
such a phase-measuring set and Fig. 15 the component 
parts. 
A schematic diagram for a straightaway envelope-

delay distortion-measuring set is shown in Fig. 16. 
The two envelope frequencies are produced either by 
a pair of oscillators held to a definite frequency differ-

ence by an automatic-frequency-control circuit as 
shown or by a balanced modulator. At both the send-
ing and receiving ends the interval frequency is ob-
tained by demodulation, and the phase difference (plus 
a constant phase shift due to the return circuit and as-
sociated equipment) between the outputs of the two 
demodulators determined by means of the phase 
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Fig. 15--Schematic of phase-measuring set. 

shifter. In such straightaway measurements any differ-
ence between the two demodulators must be deter-
mined with all of the equipment at the same point; 
but it has been found that this calibration remains un-
changed for long periods of time. Where loop measure-
ments are involved the return circuit disappears, and 
the calibration is obtained by substituting an attenua-
tor for the loop. 
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Fig. 16—Block diagram of envelope-delay set. 

The accuracy of such delay measurements depends 
upon the interval frequency A. It is about 0.005 micro-
second for a 50-kilocycle interval and 0.05 microsecond 
for an 8-kilocycle interval. For the Republican con-
vention the phase and delay distortions were measured 
by the above methods. The over-all characteristic in-
cluding the insertion loss was shown above in Fig. 11. 
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A further refinement in straightaway delay measure-
ments which is useful on very long circuits is to trans-
mit a reference envelope in the same direction as the 
test envelope over the unknown circuit and measure 
the difference in delay for the two envelopes. This gives 
delay distortion directly. Special filters are required to 
separate the two envelopes at the far end, but the 
phase comparison is made in the same way as if the 
reference interval frequency had been transmitted 

directly. 

Impedance 
The characteristic impedance of long lengths of line 

usually has the irregular appearance of Fig. 3. Here 
we see the effect of the reflections which occur in the 
coaxial cable due to various irregularities such as 
splices or variations in distributed constants. The fig-
ure shows the cumulative effect of these echoes on 
single-frequency values of the input impedance. With 
a standard high-frequency bridge using variable stand-
ards such measurements can be made with an accuracy 

of + 0.02 ohm. 
In some cases it is more important to know the loca-

tion of the individual irregularities in the cable and 
their individual magnitudes. Of great assistance in this 
problem is a device we have called an "echo" indica-
tor," a simplified diagram of which is shown on Fig. 
17. It shows on an oscillograph the reflections produced 
along the cable due to various irregularities which re-
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Fig. 17—Schematic of echo indicator. 

turn to the sending end. The signal voltage is applied 
in a form of a sharp pulse about 0.2 microsecond wide, 
which appears along the vertical axis. A sweep fre-
quency, synchronized with the pulse generator, sup-
plies a horizontal time axis. Let us assume that the 
pulse is applied to the coaxial unit. When it reaches an 
irregularity in the cable a fraction of this pulse will be 
reflected back and will appear as a vertical displace-
ment on the oscilloscope. The time between the appli-

cation of the pulse and the return of the reflected por-
tion, which will appear as a horizontal displacement on 
the oscilloscope, is a measure of the distance to the 
irregularity from the input end of the cable. From the 
shape and the size of this reflected pulse, or echo, it is 
possible to estimate certain characteristics of the ir-
regularity, and, in this manner, determine the cause 
of the irregularity. An example of a typical record of 
some near-end echoes obtained with this equipment is 

shown on Fig. 18. 

Fig. I8—Near-end echoes in section of coaxial cable. 

CONCLUSION 

The experiments reported upon and the accompany-
ing demonstrations which have been made show that 
wire-line networks of present design are capable of 
transmitting 441-line, 30-frame interlaced television 
images over distances of at least some hundreds of 
miles, without impairment visible to many careful ob-
servers. The experiments and theoretical work re-
ported on also show that most of the technical difficul-
ties in such networks increase with length. The various 
requirements which must be met tend to increase more 
or less as the square root of the number of repeater 
sections. The experiments were based on a system 
which reproduced a rather wide linear brightness range. 
The more common defects in present-day television 

images, as reproduced on commercial receivers, have 
been minimized in this system by careful transmission* 
design. The design technique has resulted in very small 
attentuation and delay distortion over the transmitted 
frequency band. The development of means of measur-
ing accurately the distortions which were found was an 
important factor in achieving this result. 



Measurement of Loop-Antenna Receivers* 
W. 0. SWINYARDt, MEMBER, I.R.E. 

Summary—The most practical method of introducing the measur-
ing signal into loop receivers is to employ a transmitting loop connected 
to the signal generator. Several such loops are described, varying with 
regard to the use of shielding, frequency range covered, method of com-
puting the field strength produced, and other particulars. The types 
described in the latter part of the paper are in use and giving satisfactory 
service at the present time. Precautions against stray fields and near-by 
metal objects are discussed briefly. Measurements on receiving loops, 
aside from general receiver tests, are described and formulas given. The 
results of such measurements on three groups of loops, totaling 30 in 
number, are reported. The paper closes with an Appendix giving the 
derivation of a few formulas of interest. 

THE widespread adoption of tuned loops as signal 
pickup devices on broadcast receivers has placed 
on engineers the problem of devising perform-

ance measurements adapted to this type of input sys-
tem. Suitable methods for introducing and measuring 
the input radio-frequency voltage to the loop are re-
quired. 

Two METHODS OF THE INSTITUTE OF RADIO 
ENGINEERS STANDARDS 

In the Institute of Radio Engineers "Standards on 
Radio Receivers: 1938" there are two alternative 
methods for introducing a signal into a loop for meas-
urement purposes. One method calls for opening the 
loop circuit and inserting a resistance across which a 
measured voltage is developed. This involves some in-
convenient procedures. A physical break must be made 
in one of the loop connections for the insertion of the 
resistor, the constants of the loop must be known or 
measured in order to reduce the data to equivalent 
field strength, and the effect of neighboring conductive 
or ferromagnetic bodies on the field distribution is dif-
ficult to evaluate. In addition, the calculations in-
volved are somewhat laborious. The time required for 
these steps makes the measurements slow. 
The other method is very simple. It merely involves 

the use of a transmitting loop to create an induction 
field of known strength into which the receiving loop, 
or the receiver as a unit, is placed. The measurements 
yield results which are already expressed in terms of 
field strength, that is, in microvolts per meter. There-
fore, apparatus for making measurements on loop re-
ceivers is generally based on this method. 

MULTITURN LOOP OPERATED WITHOUT 
SERIES RESISTANCE 

One of the best types of transmitting loops in use 
today is an outgrowth of several previously used types. 
One of these earlier types consisted of 19 turns of No. 
18 double-cotton-covered copper wire close wound on a 
bakelite tube having an outside diameter of 3 inches. 
* Decimal classification: R261 X R325.3. Presented, Chicago 

section, December 1, 1939. Reprinted from the RMA Technical 
Bulletin, December 18, 1940, by permission of the Radio Manu-
facturers Association, Washington, D. C. 
t Hazeltine Service Corporation, Chicago, Ill. 
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This was connected to the output of the signal gen-
erator through a low-capacitance shielded transmission 
line. The generator output terminals were carefully 
shielded and the ground side of the transmitter loop 
was faced toward the receiver loop to reduce the ca-
pacitive transfer from the generator to the receiver 
loop. The loops were set up coaxially, and the separa-

tion between the centers was made 24 inches in order to 
maintain a ratio of at least 2 to 1 between this distance 
and the largest dimension of the usual receiving loop. 
For quantitative results, attention may first be di-

rected to equation (1) of the I.R.E. Standards, page 
25, which can be written as follows: 

18. 85Nr2/ e = 
X' 

where e= field strength at the receiving loop in micro-
volts per meter 

N =number of turns in transmitting loop 
r =radius of transmitting loop in centimeters 
/ = current through transmitting loop in milli-
amperes, and 

X =distance between centers of transmitting 
and receiving loops in meters. 

It is convenient to express the current in terms of the 
voltage, inductance, and frequency, and to express 
most of the lengths in inches. The formula then be-
comes 

e = 1180Nr2E 

rfL 

where e= field strength of receiving loop in microvolts 
per meter 

N= number of turns in transmitting loop 
r = radius of transmitting loop in inches 
E= microvolts across transmitting loop 

X = distance between centers of transmitting 
and receiving loops in inches 

f= frequency in megacycles, and 
L = inductance of transmitting loop in micro-
henrys. 

In the present case the inductance of the 19-turn coil 
on the 3-inch form was just 36.5 microhenrys so that 
the formula for the 24-inch distance simplifies to 

10f 

This makes the calculation quite simple, since the field 
strength is obtained by dividing the signal-generator 
output reading by 10 times the frequency in mega-
cycles. 

The impedance of the transmitting loop at the low-
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frequency end of the broadcast band is greater than 100 
ohms so that it can be shunted across the usual 5-ohm 
resistive attenuator without causing appreciable loss 

of voltage. 

UNSHIELDED LOOPS WITH SERIES RESISTANCE 

Another type of transmitting loop, which represents 
a considerable improvement over the one just described 
will now be considered. This loop has a 10-centimeter 
radius and consists of two turns of quarter-inch copper 
tubing spaced 1/4 inch. This loop has a very low re-
actance, about 16 ohms at 1700 kilocycles, and hence 
the electrostatic coupling effects are small. However, 
the low-potential face is turned toward the receiver 
loop in order to secure further reduction of such effects. 
Since it is desirable to eliminate the frequency factor 
from the formula, the inductance is made small; then, 
in order to maintain a suitable impedance for the load 
across the signal generator, a series resistance is in-
serted in the loop circuit. The resistor is proportioned 
to make the signal strength in microvolts per meter at 
the chosen distance of 50 centimeters equal to one 
tenth of the signal-generator reading in microvolts. 
The value of this resistance will now be obtained. It 

will be satisfactory to have a field strength of 100,000 
microvolts per meter for 1 volt across the terminals of 
the transmitting loop. Set 6 equal to 100,000 microvolts 
per meter in the equation from the I.R.E. Standards, 
substitute the known values of N, r, and X, and solve 
for I. The result is that the current must be 3.31 mil-
liamperes. Since this is for a 1-volt potential, the re-
sistor must be 302 ohms. A simple calculation shows 
that the reactance of the loop has a negligible effect on 

its impedance. 
The resistor, the transmission line to the generator, 

and the generator output terminals are completely 
shielded, but the loop itself is not shielded. 
Details of another transmitting loop similar to this 

one are given in Supplement A to the Radio Manu-
facturers Association Instruction Book 15-38C. This 
loop consists of 3 turns of No. 20 wire wound 6 turns 
per inch on a form having a 20-centimeter diameter; 
it is used at a distance of 50 centimeters from the re-
ceiving loop. In this case the series resistance is 450 

ohms. 

SHIELDED LOOP WITH SERIES RESISTANCE 

An additional type of transmitting loop to be con-
sidered is completely shielded electrostatically. A dia-
gram of it is given in Fig. 1, and a view is given in Fig. 
2. This loop is 10 inches in diameter and consists of 
three turns of No. 20 solid tinned copper wire with 
celanese insulation. These turns are placed in a copper 
tube which is bent into a circular form having ten 
inches as the mean diameter. The copper tube is pre-
vented from acting as a short-circuiting turn by at-
taching one end only to ground and insulating the 
other end. Through the gap between the two ends of 

the copper tube are brought the start and finish con-
nections of the loop. A small housing at the base of the 
transmitting loop contains a 403-ohm resistor which is 
connected in series between the ungrounded end of 
the loop and the high side of the shielded cable leading 

TUBULAR SHIELD 
10" IN DIAMETE 

TERMINAL SHIELD 

SHIELDED 
CABLE  CONN PLUG 

THREE-
TURN 
WINDING 

03-OHM RESISTOR 
BASE 
HOUSING 

Fig. 1—Diagram of 3-turn shielded loop 
with 403 ohms in series. 

to the standard signal generator. A quarter-inch 
shielded microphone cable, 4 feet long, is used; this 
terminates at the loop end in a single-connection-and-
ground microphone plug, which screws into a jack in 
the base of the transmitter loop. At the other end the 
cable is connected to the ground and high sides of the 
signal generator by a plug combined with a metal 
shield sufficiently large to prevent capacitive coupling 
between the generator output terminals and the re-

ceiver loop. 
For convenience of manipulation the loop and 

housing are designed to be mounted on a regular 
microphone stand. 

Fig. 2—View of 3-turn shielded loop. 

The value of 403 ohms was determined by the method 
already described; it applies for a distance of 24 inches 
between the transmitting and receiving loops. With 
these conditions a field strength equal to one tenth the 
generator reading exists at the receiving loop. 
It should be pointed out that the equation in the 

Institute of Radio Engineers Standards introduces an 
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error of about 6 per cent for a transmitting loop with a 
10-inch diameter used at a distance of 24 inches. This 
is because the radius of the loop r was assumed to be 
appreciably smaller than the separation X permitting 
r to be dropped from the denominator in the derivation 
of the formula, as shown in the Appendix. This sim-
plification results in values of sensitivity which are 
about 0.5 decibel less than the accurate value. 

SIGNAL 

ley gl 

1.1.0e-freguenc, Range 
10141.-Frequence Rotes  I 

GENERAT  /-  
GONCENTRIC 
CABLE  .> 

KA.KILOHMS 

6 3V. 

COPPER-TUBE SHIELD 

COPPER BRAID 

OADING _ COIL 

Fig. 3—Circuit diagram of all-wave loop. 

It is to be noted that if the output impedance of the 
signal generator is high, the loading effect of the resistor 
upon the generator must be taken into account in de-
termining the voltage across the coil, and hence the 
field strength. 
Where broadcast receivers having loops with a di-

mension exceeding 12 inches are to be measured, the 
transmitting loop should be separated from the receiv-
ing loop by a distance which is at least twice the maxi-
mum dimension of the receiving loop. The field strength 
produced at the receiving loop is-inversely proportional 
to the cube of the distance, so that at 3 feet separation 
(suitable where the maximum dimension of the re-
ceiving loop is 18 inches) the field strength in micro-
volts per meter is no longer 1/10 the output of the 
signal generator in microvolts, but is 1/33.7 of the 
microvolts output. 

The maximum frequency at which this equipment 
can be used is limited by the shunt capacitance in the 
shielded connecting cable and the series inductance of 
the cable and loop. Measurements have indicated that 
with the cable length of 4 feet and a constant voltage 
input to the line, the rise in voltage at the end of the 
cable, as the frequency is increased, is sufficiently 
balanced by the drop due to the increasing reactance 
of the loop to provide nearly uniform current through 
the loop up to a frequency of 20 megacycles. The 
capacitance of the 4-foot length of cable is approxi-
mately 120 micromicrofarads, and the series induct-
ance of the cable and loop is approximately 7.5 micro-
henrys. 

TWO-BAND SHIELDED LOOP 

Another type of transmitting loop was specifically 
designed to provide for accurate measurements of loop 

receivers at all frequencies from 0.1 to 24 megacycles. 
A diagram of this is given in Fig. 3 and a view in Fig. 
4. This is a 2-band design; on the lower band from 0.1 
to 5 megacycles the loop and operation are the same 
as in the type just described except that the dimen-
sions and number of turns are different. Two turns, 8 
inches in diameter, in series with a 300-ohm resistor are 
used. The field strength in microvolts per meter for a 
separation of 19i inches is obtained by dividing the 
input voltage to the loop by 10. 
Measurements on the higher band from 5 to 24 

megacycles are made by using only one of the turns 
and having a loading coil in series to make the total 
series inductance of the loop circuit have the value of 
2.45 microhenrys. The natural frequency of this loop 
is well above the band, so that appreciable errors are 
not introduced from this source. For this range the 
field strength in microvolts pr meter, when the loops 
are spaced 19i inches coaxially, is equal to the voltage 
input to the loop divided by the frequency in mega-
cycles. 
A diode tube voltmeter is built into a small housing 

at the base of the loop so that the input can be meas-
ured directly at the loop terminals, thus avoiding any 
uncertainty due to losses or resonant effects in the 
transmission line. 

Fig. 4—View of all-wave loop. 

If measurements are made using a generator with an 
attenuator calibrated in decibels and if the results are 
to be expressed in decibels, the field strength in the 
range from 5 to 24 megacycles is simply the attenuator 
reading in decibels plus the decibels corresponding to 
the frequency in megacycles. The figures are added in-
stead of subtracted because both are taken as positive 
and an increase of either one means a more sensitive 
receiver. 

For testing receivers with loops having a dimension 
in excess of 10 inches, the separation between the loops 
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should be increased. If this is made 42i inches, the 

conversion formulas become 

E = - for the range of 0.1-5 Mc. and. 
100 

E = - for the range of 5-24 Mc. 
10f 

The loop is double-shielded to minimize extraneous 
coupling due to current induced in the shielding. 
Although some radiation from the transmission line 

has been encountered at high frequencies, it is suf-
ficiently low in magnitude for its effect to be neglected 
if reasonable separation is maintained between it and 

the loop under test. 

ERROR DUE TO LEAKAGE FIELD 

In making measurements on sensitive loop receivers 
trouble due to generator leakage is often experienced. 
It is necessary that this be minimized by proper 
orientation of the receiver or generator, or by further 
shielding of the generator, if accurate results are to 
be secured. The presence of leakage fields can readily 
be detected by turning the transmitting loop through 
180 degrees. If this produces appreciable change in the 
measured sensitivity, the cause is likely to be leakage 

of some type. 
One other precaution should be mentioned. It is im-

portant to keep both the transmitting and receiving 
loops well away from any large metal objects which 
would distort the magnetic field. This applies to the 
conducting walls of shielded rooms. A clearance around 
each loop equal to twice the distance between loops is 
considered a satisfactory minimum value. The re-
ceiving loop is generally left in place in the receiver 
cabinet because the effect of the conducting chassis 
is desired since it is present in normal operation. 
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MEASUREMENTS ON THE LOOP ONLY 

In addition to measurements of over-all sensitivity 
there are several tests generally made on the loop itself. 
One of these is a determination of the loop Q from band-
width measurements made on the loop when it is in its 
proper place in the cabinet; this is usually done at 3 
frequencies. These band widths are measured with a 
large signal in the transmitting loop and with the 2 
loops separated as far as possible while still affording an 
adequate reading at resonance on a tube voltmeter. 
This procedure avoids appreciable loading of the re-

ceiving loop under test. The relationship between the 
2 times band width W2 and Q is 

Q = CO 
where W2 and the frequency f are in the same units. 
The distributed capacitance is calculated from the 

formula, 
C1 — 4C2 

C =   

where C1 is the capacitance for tuning to any frequency 
fi and C2 is the capacitance for tuning to 2fi. These 
values can be conveniently measured on a reactance 

meter. 
The loop figure of merit, which is defined as Q times 

the effective height, is obtained by dividing the micro-
volt sensitivity of the receiver on the first grid by the 
over-all sensitivity in microvolts per meter. These 
measurements are usually made at 3 points in the 
band; they are accurate only when the receiver is 
aligned at these frequencies and no regeneration is 

present. 

CHARACTERISTICS OF LOOPS USED IN RECENT 
RECEIVERS 

Measurements have been made on 30 loops of vari-
ous kinds and sizes, supplied by coil Or radio manu-
facturers or made in our laboratory. All determinations 
were made with the loop in free space. The values of 
the distributed capacitance, of Q, and of the figure of 
merit were measured for each loop. The loops were 
then arbitrarily divided into three groups according to 
area: small, 20 to 35 square inches; medium, 36 to 50 
square inches; and large, over 50 square inches. Aver-
ages of the measurements were then computed for 
each group, with the results shown in Table I. 
An attempt was made to establish empirically a 

means of determining the effective area from the maxi-
mum and minimum areas, so that calculated values of 
the figure of merit (which is Q times the effective height 
or Q•27rNA/X) would be in closer agreement with 
measurements. However, no consistent relationship 

could be found. 
Experience has shown that in most cases loops are 

mounted so close to the receiver that the Q and figure 
of merit are materially reduced below the values in 
Table I, so that these figures indicate better perform-
ance than is usually obtained. 

TABLE 1 
AVERAGE CHARACTERISTICS OF THREE GROUPS OF LOOPS 

Type Loop 
Number 
in Each 
Group 

A   
Area. 

square inch 

A  ee 
Number 
Turns 

Average 
Capacitance. 
micromicro-
farads 

A   
Average Figure 
of Merit 

600  1000 
kilocycles  kilocycles 

Small   
Medium   
Large   

7 
11 
12 

29 
42 
76 

35 
28 
22 

7.4 
11.0 
13.0 

117 
126 
140 

1400 
kilocycles 

600 
kilocycles 

1000 
kilocycles 

1400 
kilocycles 

111 
118 
130 

93 
92 
95 

0.52 
0.75 
1.50 

0.73 
0.99 
2.00 

0.84 
1.00 
2.13 
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APPENDIX 

This section is devoted to the derivation of a few 
formulas which are believed to be of general interest 
to those concerned with the design of transmitting 
loops used for making measurements on loop receivers. 
The first derivation is that for equation (1), page 25, 

given in the Institute of Radio Engineers "Standards 
on Radio Receivers: 1938." Refer to Fig. 5. 

4-d IN 

dl:rde 

Fig. 5—Derivation of formula for induction field. 

dH 

Using rationalized mks units,' 

Idl  IrdO 
dH = —  = 

4ird2 47rd' 

It''dB 
dH z = (sin 43)(dH) = — dH =   

47rd3 

Integrating, 

Ir2 f 21N 
// = Hz =   do, 

4rd3 

where N= number of turns. 
Performing the integration, 

Introducing X, 

H = 

/r2N 
H =   

2d3 

Nr2I 

2(X2 r2)312 

Now the field strength in volts per meter is2 

= 120TH 
whence 

= 120r • Nr2/  188 . 5Nr2/ 

2(X2 r2)3/2  (X2 + ern 

Harnwell, 'Principles of Electricity and Magnetism," pp. 286-
289 and 600-605. 

.2 Ibid., p. 535. 

Assuming that r2<<X2, 

188. 5Nr2I 

X' 

This is in volts, meters, and amperes. Changing to 
microvolts per meter for 6, centimeters for r, and milli-
amperes for I, leaving X in meters, there is obtained 

18. 85Nr2I 

X3 

75.4Nr2/ 
or  46 _   xa 

which is the expression in the Institute of Radio Engi-
neers Standards. 
Another matter of interest is the voltage induced in 

a receiving loop by a given transmitting loop, or in a 
given field. Referring to Fig. 6, the derivation of a 

N turn 

' H 

Ili turns \ 

Fig. 6—Derivation of formula for voltage induced in receiving 
loop by a transmitting loop. 

general formula for any two loops, followed by an 
application for any receiving loop at the standard 
distance from the 3-turn shielded loop of Figs. 1 and 
2 is: 

Using rationalized mks units, as in the preceding 
figure, 

Ir2N 
H =  — 

2X3 

Substituting r2=A /7r, where A is the area of the 
transmitting loop, 

IAN  •-• 
H =   

27rX3 

The mutual inductance between 
placed coaxially is 

M = 
poHA'N' 

the two loops 

Substituting for H, 

M  —  IAN\  µ0.4A'NN' 

I \ 27rX3)  27rX3 

The desired voltage in the receiving loop is 

Io7µ0AA WN' 
E2 = IcoM = 

27rX3 

Substituting 14=4r X10-7 , the permeability of 
space, and replacing co by 2rf, there is obtained 

E2 = 471" X 10-7IfAA'NNYX3. 



Type of 
Antenna 

Summary—Symmetrical resistive attenuating networks are usual-
ly designed to produce a definite calibrated transmission or insertion loss 
when working between given terminal resistances. When the termina-
tions differ from the value assumed in the design, the transmission and 
insertion losses caused by the network will no longer be equal to each 
other nor to the calibrated loss, and this paper discusses the corrections 
that must be applied to obtain the true losses. Equations and curves are 
given from which the corrections may be obtained for cases of practical 
importance. 

INTRODUCTION 

THE METHODS for designing a 4-terminal re-
sistance network to satisfy given attenuation and 
impedance requirements are well known, and ex-

tensive numerical tabulations' .2 permit the selection of 
suitable network elements with a minimum of calcula-
tion for a wide range of conditions. It is not always 
possible, however, to provide a network to suit each 
new situation and in practical cases it is often necessary 
to use a fixed or adjustable attenuator under conditions 

* Decimal classification: R383. Original manuscript received by 
the Institute, March 31,1941. 
t Associated Electric Laboratories, Inc., Chicago, Ill. 
1 P. K. McElroy, "Designing resistive attenuating networks," 

PROC. I.R.E., vol. 23, pp. 213-233; March, 1935. 
2 C. D. Colchester and M. W. Gough, "Resistance networks," 

Wireless Eng., vol. 17, pp. 206-215; May, 1940. 

Induction 
RodiatKA 

Radiation  Induction 

Radiation 
Field 

Induction Field 

In Plane of 
Loop 

Perpendicular 
to Plane of 
Loop 

Distance at 
Which Fields 
are Equal 

Loop 
rIAN 

XIX 

IAN 

4rX3 

IAN 

2rX3 2w 

Vertical 
2XX 

hl 

4wX2 2 T 

Field strengths are in ampere turns per meter, currents in amperes, all lengths 
in meters. 

Fig. 7—Induction and radiation fields of loop and vertical antennas. 

This is the desired relation in volts, cycles per 

second, and meters. 

Applying to the loop of Figs. 1 and 2, this becomes 

Es = 2.08 X 10-8 E1A 'N'. 

Converting for kilocycles and square inches, leaving 
e in microvolts per meter, 

Es = 1.35 X 10-8 EfA'N'. 

Fig. 7 shows graphically the relationship between 
the induction and radiation fields about a loop, and 
gives formulas by which these fields may be computed. 
A comparison of the fields surrounding a loop and a 
vertical antenna is also made. The middle diagram 
shows at points A and B the equality of the two fields 
at a distance of X/(27r) which is the basis of the choice 
of this distance as the limit for 15 microvolts per meter 
by the Federal Communications Commission for short-
distance wireless phonograph and remote-control ap-

paratus. 

Errors in the Calibrated Losses of Symmetrical 
Resistance Networks* 

ARTHUR W. MELLOHt, ASSOCIATE, I.R.E. 

other than those for which it was designed. If, for ex-
ample, a resistance network or pad which has been de-
signed to work between 600-ohm terminations and 
cause a loss of 5 decibels is connected between 500-
ohm terminations, the loss introduced by it is no 
longer 5 decibels and it is desirable to know what 
correction must be made to obtain the true loss. 
The problem is further complicated by the fact that 
either the transmission loss or the insertion loss may 
be desired, depending on the viewpoint taken and 
the type of measurement being made. In the ex-
ample just mentioned, each of these losses will be 
equal to the calibrated loss of 5 decibels only when 
the network is terminated in 600 ohms, and for other 
terminations the transmission and insertion losses 
will not only differ from 5 decibels but will also dif-
fer from each other. Relatively large errors may re-
sult if these differences are not taken into account; and, 
even in cases where the errors are negligible, a knowl-
edge of their existence and possible magnitude usually 
leads to a more intelligent use of the attenuator. 
The analysis will be confined to symmetrical net-
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works since most adjustable attenuators are of this 
type. Fig. 1 shows such a network, reduced to its 
equivalent T form, which receives energy from a 
generator having an internal electromotive force of E 
volts and internal resistance of R1 ohms, and delivers 
energy to a load resistance of R2 ohms. It is assumed 

R  A  A 
3 

2  4 
Fig. 1—Symmetrical 4-terminal resistance network. 

that A and B have been determined so that the net-
work has an image resistance of RK ohms and causes a 
loss of Nc decibels or a nepers, the relation between 
Nc and a being 

Nc = 10 logio e2'.  (1) 

A convenient and well-known form in which the de-
sign equations may be written is 

A = RK tanh a/21 

B = RK/sinh a 

The transmission and insertion losses will each be 
equal to No when RI = R2= RK, and it is interesting to 
observe that both of these viewpoints have been used'.2 
in discussions of attenuator design. Nc will be referred 
to as the calibrated loss since it is the value normally 
associated with a given setting of an adjustable net-
work. This paper discusses the algebraic additions to 
Nc that must be made to obtain the transmission loss 
NT or the insertion loss NI when either R1 or R2, or 
both, differ from R. 

(2) 

TRANSMISSION Loss 

The transmission loss in decibels through the net-
work of Fig. 1 is defined by 

Nr = 1010g10 1'j/ P2 (3) 

where P1 is the power delivered to the network at ter-
minals 1 and 2 and P2 is the power delivered to the 
load at terminals 3 and 4. It is only when R1 and R2 are 
both equal to RK that NT= Nc, and when the terminal 
resistances are different from RK the application of (2) 
and (3) to Fig. 1 gives 

(RK + R2)2 
NT = 10 logio e2a  10 logio 

4RKR2 
Ric — R2)21. 

± 10 logio [1 — e--"   (4) 
RK R21 J 

Using (1), this becomes 

(Ric + R2)2 
— Nc = 10 logio 

4RKR2 

+ 10 logic, [1 — e-4 a (R IC  — R2)21 
RK 4•2/ 

D (5) 

which is the correction in decibels to be added to the 
calibrated loss to obtain the true transmission loss. It is 
observed that NT is independent of the generator re-
sistance RI. The correction given by (5) consists of two 
terms, the first of which is constant for a given net-
work and termination, and is recognized as the expres-
sion for the reflection loss between RK and R2. The sec-
ond term contains a and therefore will change with 
each setting of an adjustable network. Since the sum of 
the two terms of (5) is positive regardless of whether 
R2 is greater or less than Ric, the transmission loss will 
always be greater than the calibrated loss except when 
the network is terminated in RK. From the symmetry 

of the two terms it is evident that the correction will 
have the same numerical value for a given ratio of Ric 
and R2 as for the reciprocal ratio. Fig. 2 gives the cor-
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Fig. 2—Correction to calibrated transmission loss. 

rection as calculated from (5) for various ratios of RK 
and R2. These curves show that for values of Nc greater 
than about 10 decibels the correction is practically in-
dependent of the calibration and depends only on RK 
and R2; that is, for sufficiently large a the second term 
of (5) becomes negligible and the correction is just the 
reflection loss between RK and R2. The correction for 
this case is given in Fig. 3. A useful observation is that 
an adjustable attenuator will increase the transmission 
loss by increments equal to the increments in the cali-
bration, regardless of the value of R2, provided that 
Nc is at least 10 decibels. 

INSERTION Loss 

The insertion loss in decibels caused by the network 
of Fig. 1 is defined by 

= 10 log10 Pa/P4 (6) 
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where Ps and P4 are the power delivered to R2 before 
and after the network is inserted, respectively. It has 
been stated previously that when R1 and R2 are equal 
to RK in Fig. 1, the insertion loss caused by the net-
work is equal to the calibrated loss and is given by (1). 
A calculation of the insertion loss for other values of 
terminal resistances, together with (1) and (2) gives 

N1—Nc=10 logio 
4RKRI 

(Ric-FRO' 

(RK+RO2 (RI-FRO' 
+10 logio  10 logio 

4RKR2  4R1R2 

10 logio [1— e--2a CK—R1 \ OK—R2 \12. 
RK-FRI) RK-I-R21-1  (7) 

+   

A similar equation is often used3 for determining the 
losses in electric wave filters since such calculations are 
usually made from the viewpoint of insertion loss 
rather than transmission loss, but a discussion of this 
equation as applied to purely resistive networks does 
not appear to have been given. Equation (7), which is 
the correction in decibels. to be added to the calibrated 
loss to obtain the true insertion loss, is a function of 
both terminal resistances and a. The first three terms 
give the reflection losses between /21, R2, and RK and 
hence are constant for a given network with fixed ter-

3  4 5  6  7 8 9 10 

R. 02 on  R2/R. 

Fig. 3—Correction to calibrated transmission loss for all 
values of Nc greater than 10 decibels. 

minations, while the fourth term involves a and will 
vary with the setting of an adjustable network. 
Since both R1 and R2 may vary independently in 

practical cases, a large number of curves would be re-
quired to portray (7) over a useful range of values. It is 
often possible, however, to choose the apparatus asso-
ciated with the network so that the corrections can be 
determined from a simplification of (7). In many ex-
perimental arrangements it is easy to simulate the con-
dition of R1=0 by maintaining a constant voltage at 

3 T. E. Shea, "Transmission Networks and Wave Filters," D. 
Van Nostrand, Inc., New York, N. Y., 1929, p. 119. 

the input terminals of the attenuator. For this particu-
lar case, (7) reduces to 

(Ric + R2)2 RK 
Ni — Nc = 10 logo  -I- 10 logio 

4RKR2  A2 

-2. (RK— RS 2 _ e + 10 logio [1  (8) 
\RK R2) 

which is plotted in Fig. 4 for various values of RK/R2 
and a. It is observed that for values of a greater than 
20 decibels the correction is practically independent of 

MOMMOMMO M ME ELTriii 
OMM UMPW WILIMiiii mm 
OMMOOMe2O ftlaim mUl e 
MOOP ME WELITaii mMO 7 

1111. WEIIII ME MNI ME 
EMPACO MI MINENNIIIM M= 

11112 UPEEM NIMMOMMOMM 
W AR MO MMiiiiiimm 
wameasummum mum 
WASE MEMaiiiimmomMO 
Imucammummu m m 
IMEMEMOOPPE 
U n niMMOMMOOOM MOMM 
Eumumu mmum mo 
A mmum mummumn 
LZ WARMIAMMEMEMEMOMMO 
ftingETOMM Ummom momm 

-6 

R 
R 
10 
9 

11111M MIIIISZ MUNI Mmi 
OOMMOMMOMMOMMOMOMmOi 

2  4  6  8  10 
CAL BRAT1ON 

6 

5 

4 

3 

2 

15 

50 

.25 

.to 

12  14  16  18 20 
DECIOELS Nc 

Fig. 4—Correction to calibrated insertion loss 
when generator resistance is zero. 

Nc and is given by the reflection loss between RK and 
R2 plus an additional loss which depends on the ratio 
RK/R2. When the setting of an adjustable network is 
changed, the insertion loss will be changed by an in-
crement equal to the increment in Nc provided Nc is at 
least 20 decibels. This value of 20 decibels does not de-
pend on the particular choice of R1 used for Fig. 4, but 
holds for any value of RI, R2, or R. Since the second 
and third terms of (8) do not take on the same value for 
the reciprocal of RK/R2 as for the ratio itself, it is pos-
sible for the correction to be negative. This is true also 
for the general case expressed by (7), from which it is 
easy to show that the negative correction can never 
exceed approximately 6 decibels while the positive cor-
rection may assume any value, depending on the val-
ues of RI, R2, and RK. 
The curves of Fig. 4 are of interest not only because 

the condition R1=0 may often be realized in practice 
but also because they represent, for the range of RK/R2 
shown, the maximum possible corrections that may 
have to be applied for any value of RI; however, 
whether the correction is positive or negative for a 
given value of RK/R2 depends on RK/R1. This is shown 
in Fig. 5 where the curves marked Rx/Ri= 00 and 



RK/Ri= 0 represent the maximum possible corrections 
when R1 tends to zero and when R1 increases without 
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Fig. 5—Correction to calibrated insertion loss for all 
values of Plc greater than 20 decibels. 

8 10 

limit, respectively. Since these curves give maximum 
corrections they correspond to the condition of No 
greater than 20 decibels; for smaller values of Nc the 
corrections will be less than those shown and will vary 
with Nc. In any case the correction will lie within the 
area between the two limiting curves and Fig. 5 may be 
useful for estimating the correction; for greater ac-
curacy, (7) can be used, or Fig. 4 if R1= 0. 
An additional important and often unappreciated 

fact brought out by Fig. 5 is that if either R1 or R2 
(but not necessarily both) is made equal to Ric, the in-
sertion loss is equal to the calibrated loss for all values 
of N. This, of course, is a condition much to be de-
sired in practical cases since the need for corrections is 
then eliminated, but circumstances are often such that 
neither of these conditions can be met and it then be-
comes necessary to use correction curves or equations 
such as are presented in this paper. 

Drift Analysis of the Crosby Frequency-
Modulated Transmitter Circuit* 

E. S. WINLUNDt, NONMEMBER, 

Summary—Component drift, sensitivity, and band-width expres-
sions are combined in an over-all expression for frequency stability of 
the Crosby circuit. Using experimentally obtained constants in this 
expression, an equation is derived for drift in terms of frequency and 
frequency multiplication open to choice by the designer, and the results 
are shown as design curves. The equation is checked against actual con-
ditions existing in a Crosby exciter unit. 

FOREWORD rII HE RECENT interes t in frequency  mo dulat ion  
has lent new impetus to investigations of the 
many methods of producing it and of their rela-

tive stability, fidelity, and simplicity. Because fre-
quency modulation has found its place in the ultra-
high frequencies where absolute stability is inherently 
difficult to obtain, and because the concept of frequency 
modulation is directly opposed to that of high stability, 
stability has been the more formidable hurdle for de-
signers. 
Most of the circuits finding general acceptance today 

require, inevitably, a balance between simplicity, sta-
bility, and fidelity, the latter including distortion, noise, 
and response. Extremely high frequency multiplica-
tion introduces random-phase noise, and if the multi-
plication is obtained by heterodyning with a separate 
crystal, the frequency stability suffers. Frequency 
modulation obtained from phase modulation by any of 
the usual processes inherently limits deviation for ac-
ceptable low-frequency distortion, requiring large mul-
tiplication. 

• Decimal classification: R414. Original manuscript received by 
the Institute, January 28, 1941. Presented, Sixteenth Annual Con-
vention, New York, N. Y., January 11, 1941. 
t RCA Manufacturing Company, Camden, N. J. 
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Reactance-tube modulators provide a direct fre-
quency-modulating means, without corrective net-
works. Their distortion is inherently extremely low and 
independent of the modulating frequency as will be 
shown in this paper. Their deviation capability may be 
designed to take care of modulation and superimposed 
automatic-frequency-control action easily and lin-
early. The superposition of automatic frequency con-
trol necessitates no compromise. 
Stabilization, then, may be separately vested in an 

automatic-frequency-control system, such as that em-
ployed in the Crosby circuit, so that aler-all stability is 
a function of the stabilities of the crystal, the modu-
lated oscillator, and the low-frequency discriminator. 
The advent of inexpensive quartz crystals has rather 
obscured the stability possibilities of ordinary tuned 
circuits, especially the passive circuits of which the 
conventional discriminator is a good example. Dis-
criminators can be built to have a stability comparable 
to that of crystals. 

These considerations, together with the simplicity of 
the Crosby circuit, have led to this analysis, and to a 
commercial design based upon it. Expressions for the 
frequency drift in various portions of the Crosby cir-
cuit will be presented one at a time and then combined 
at the end to provide an equation for the drift of the 
entire Crosby circuit. 

REACTANCE MODULATORS 

The sensitivity and band width of the conventional 
reactance-tube modulator have been rather simply cal-

Proceedings of the I.R.E. 
July, 1941 
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culated by N. I. Korman,' by assuming a linear trans-
conductance characteristic from cutoff to zero bias. In 
Fig. 1, the following symbols and definitions will apply, 
using substantially Korman's method: 

gm = transconductance at operating point 
g.o= modulator transconductance at zero bias 
Eo= modulator bias voltage at operating point 
Ec= modulator cutoff bias voltage 
ey= modulator grid peak radio-frequency voltage 
ee,= modulator grid peak audio-frequency voltage 
eo = peak oscillator tank voltage 
Cf =oscillator tank fixed capacitance 
if = peak oscillator fixed capacitance tank current 
i„,= peak modulator radio-frequency current 
= angular frequency = 27f 

Xo = reactance per leg of oscillator tank 
w„,= band-width capability of modulator (cycles) 
S„,= modulator sensitivity (cycles per volt) 

MODULATOR  OSCILLATOR 

1,  E, 
, Bias Voltage 

;Is 

Fig. 1—Fundamental circuit of reactance-tube modulator. 

Maximum modulator sensitivity occurs when the 
peak audio- and radio-frequency voltage swings on the 
modulator grids are equal, that is, when e„=e,=4E,. 
Also, for the sake of simplicity, it will be assumed that 
the network always supplies the grids with voltage 
having a perfect 90-degree phase relationship during 
the audio cycle and that the in-phase component of 
modulator load on the oscillator may be neglected. The 
radio-frequency peak current to the modulator plate 
without modulation is 

Sr 

1 RCA Manufacturing Company, Camden, N. J. 

im = erg..  (1) 

The oscillator peak radio-frequency current is 

if = —eo  = eocoCf. 
Xo 

The fraction of tank current flowing through the mod-
ulators without modulation then is 

(2) 

eygm 
(3) 

o eoef 

At full deviation (peak c,), g„, becomes 50 per cent 

greater, or 
3 erg.  

▪ 2 eocuCi 
(4) 

The fractional change of current from zero to full de-
viation is the difference between (4) and (3). The re-
sultant fractional frequency change is one half of this 
for deviations of very small percentage of the oscillator 

frequency. Thus, 

Af  [(i.\ i„,\ 
f  2 L\ 

erg.  erg. 
(5) 

4e0.0cf - 87rfeoCi 

The maximum band width is then 

erg.  Egg.,  E „gm 
Wm = 2,1f =    — km   (6) 

471-e0C,  - 8reoCf ec,Cf 

in which km, the "modulator constant," is 1/87 or less, de-
pending upon the percentage of the modulator gm char-
acteristic which is linear and usable for the sum of peak 
audio modulation voltage and direct-current bias shift 
with the most extreme automatic-frequency-control 
action. For an actual tube the truly linear portion of 
its transconductance characteristic may be but a frac-
tion of this. The sensitivity is then 

vfm 
Sm = —  (7) 

E, 

This derivation applies only to single-tube class A 
modulators and for the assumptions specified. For 
push-pull class A modulators the value given by (6) 
for 214. must be multiplied by two, and from (7) S. also 
doubles. If the modulators are operated push-pull or 
"push-push" class B without grid current, a study of 
Fig. 1 will show that E, and g,,, may be replaced by Eo 
and g„,0 in (6), and similarly in (7) E, may be replaced 
by E. The latter gives twice the sensitivity and four 
times the band-width capability of a single tube. 

MODULATED-OSCILLATOR DRIFT 

The term "drift" throughout this paper is used in a 
broad sense to mean the opposite of stability. It means 
instability due to any of the more common causes such 
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as temperature change, line voltage variation, humid-
ity variation, and mechanical sensitiveness. The last 
two are considered purely problems of mechanical de-
sign, and may be minimized to almost any extent de-
pending upon the elaborateness of design. Terms to 
take these factors into account, therefore, will not ap-
pear in the equations. 
The inherent stability of push-pull reactance-modu-

lated oscillators is found by experience to be limited 
primarily by irregularities and drift in the modulator 
circuits rather than by tube capacitance variation, etc., 
of the oscillator itself. This effect is taken into account 
by including S. in the following equation for absolute 
(cycles, not percentage) drift: 

= koFIS.Ato (8) 
in which 
Fo =drift of modulated oscillator without automatic 

frequency control. 
F1= oscillator frequency 
ko =oscillator drift constant 
Ato =_range of oscillator tank temperature in operation 
A factor to take into account line voltage variation is 

not included for push-pull modulators because their in-
herent balance makes them insensitive to all supply 
voltage variation ;2 that this is a fair assumption is well 
borne out in practice. The proper use of cathode-tap 
and screen-supply compensation on the oscillator itself 
to minimize line voltage effects is well covered in the 
literature. 
It is commonly known that high-capcaitance tanks 

reduce drift in general, principally because the variable 
circuit and tube capacitances are a small proportion of 
the tank capacitance. This effect is included implicitly 
in the above equation in the term S„, which by (6) in-
cludes Cf in the denominator. Increasing Co will de-
crease the sensitivity of the modulator to grid-circuit 
disturbances, including intended modulation. If the 
modulator sensitivity is in any other way restored, for 
example by reducing oscillator tank voltage, the modu-
lated oscillator again will be as vulnerable to grid-cir-
cuit disturbances as before. To realize the stabilizing 
effect of a high-C tank, it is essential, of course, to use 
minimum-drift coil construction.3 
Substituting (7) for S., the inherent drift of the 

modulator-oscillator combination is 

AF0 = ko  Alo.  (9) 
Eg 

Note that the choice of single, push-pull class A or 
B modulators does rick affect this expression as sensi-
tivity is implicit in w.. It is also important not to con-
fuse Wm, the modulator band-width capability, with wo, 
the modulated oscillator band width in use; wo may be 
equal to or less than 

I M. G. Crosby, "Reactance tube frequency modulators," RCA 
Rev., vol. 5, pp. 89-96; july, 1940. 

S. W. Seeley and E. I. Anderson, "UHF oscillator frequency 
stability consideration," RCA Rev., vol. 5, pp. 77-88; July, 1940. 

and 

MODULATED-OSCILLATOR ASYMMETRY 

Since the frequency varies as the square root of the 
capacitance in the tank, the inductance remaining con-
stant, then for very small fractional changes of fre-
quency AF/F, the fractional change of capacitance 
must be 2AF/F. This is a very close approximation but 
for distortion consideration it must be more accurately 
evaluated. For explicitness a capacitive modulator will 
be assumed. 
In Fig. 2, the modulator "synthetic" capacitance is 

broken into two components: one is fixed and consid-
ered to be part of the tank fixed capacitance Cf; the 
other, C., is varied by modulation and is just suffi-
ciently large so that full positive C. will produce devia-

OSC TANK 

Fig. 2—Reactance-tube-modulator circuit for 
consideration of asymmetry. 

tion to "100 per cent modulation." When C. is zero, 
the tank is on center frequency; when it is negative the 
swing is in the opposite direction. At the center fre-
quency, resonance is expressed by 

w 2 = 

LoCf 

The tank impedance relation is expressed by 

if 
Cf = — 

eow 

e 
W = 

Loif 

(10) 

(12) 

At a slightly higher frequency, resonance is expressed 
by 

(w  461(0) 2 = 
1 

Lo(Cf — C.) 

and Cf and C„, are in turn functions of instantaneous 
frequency. If i,i is defined as the new current through 
Cf due to the change of frequency, if as the current be-
fore the frequency change, and i„, as the current added 
by the modulator capacitance C., then 

Cf   and  C,„ —   
eo(w  Liw)  eo(w  Au)) 

Substituting these values in (13) gives 

(w  A W) 2 
1 

LO 

eo(v) + w  Awl 

(13)  , 

(14) 

• (15) 
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If we may assume a constant tank voltage eo, then 

co ± Aco 

± .6,co  Ao.)  if 
and   = 1  =   

Aco 
f - tf Zffi 

A, A2 

(2if  = 0. 

The somewhat startling result is apparent, that dis-
tortion is an approximately fixed percentage of fraction-

(16)  al band width, i.e., 14 per cent. For example, a swing of 
plus and minus 100 kilocycles of a 50-megacycle mod-
ulated oscillator is a fractional band width of 0.4 per 

(17 ) cent; therefore inherent distortion due to reactance 
curvature is 0.14 X0.4 =0.06 per cent. Obviously, if 
this swing is obtained by multiplying up from a lower 

Solution of the quadratic and examination for i„,= 
indicate the choice of the positive square root of 
(Aco/o.)2 which is 

_F 1  1. Aco 

2if 2if 

Assuming a constant tank voltage, constant phase ap-
plied to the modulator grids, and perfectly linear mod-
ulators, the fractional current deviations at peak fre-
quency deviations on each side are equal, or 

- i„, +i. 

2if 2if 

(18) 

(19) 

We may calculate the fractional deviation at given in-
stantaneous current deviations as shown in Table I. 

TABLE I 

to. 
- for - 4.. 

Io 2i1 

As, 
- for +is, 
IA 

0.619 
0.220 
0.1050 
0.05125 
0.0202 
0.01005 
0.0050125 
0.002002 
0.0010005 
0.000500125 
0.00020002 
0.000100005 
0.0 

0.5 
0.2 
0.1 
0.05 
0.02 
0.01 
0.005 
0.002 
0.001 
0.0005 
0.0002 
0.0001 
0.0 

-0.381 
-0.180 
-0.095 
-0.04875 
-0.0198 
-0.00995 
-0.0049875 
-0.001998 
-0.0009995 
-0.000499875 
-0.00019998 
-0.000099995 
0.0 

These values are plotted as linearity characteristics for 
five values of maximum fractional deviation on Fig. 3. 
As the fractional deviation is reduced, the expression 
approaches 

Aco 

co  2if 

from which the fractional band width is related di-
rectly to modulator current swing and tank current by 

- = 2 - = - •  (20) 
F1 w  if 

By using the distortion analysis of Chaffee' to calcu-
late approximate distortion, from the curves of Fig. 3 
(and from the above table when the distortion is too 
small to be shown on Fig. 3), this distortion may be 
listed as a function of fractional band width as shown 
in Table II. 

E.1. Chaffee, "A simplified harmonic analysis,"Rev. Sci. Instr., 
p. 384; October, 1936. 

TABLE It 

We 

Fi 

Distortion 
DP, 

W I 

Per Cent 
100 
40 
20 
10 
4 
2 
1 

0.4 
0.2 
0.1 

Per Cent 
13.6 
5.3 
2.8 
1.4 
0.56 
0.28 
0.14 
0.056 
0.028 
0.014 

0.136 
0.132 
0.14 
0.14 
0.14 
0.14 
0.14 
0.14 
0.14 
0.14 

center frequency, the fractional band width and this 
component of distortion remain the same. Since the 
distortion calculated above is unnecessarily low at the 
present state of the art, it may be assumed that "beat-
ing up" from larger fractional band widths is permissi-
ble. If the circuit is so designed, the real limitation of 
band width of the modulated oscillator may be deter-
mined by 

wo D 
- = -  (21) 
F1 B 

in which D =distortion permissible in modulated os-
cillator alone 

3=0.14 with a perfect modulator, or some-
thing larger for the practical modulator, 
allowing for nonlinearity, phase shift 
away from 90 degrees with modulation, 

etc. 
MODULATED OSCILLATOR LINEARITY CHARACTERISTICS 
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Fig. 3-Modulator linearity characteristics. 

Consideration of Fig. 3 at first glance will indicate 
that the curves are far too good for the fractional band 
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widths listed. For example, the 100 per cent fractional-
band-width curve refers to a swing of frequency, peak 
to peak, equal to the operating center frequency. If 
this band width were obtained by merely detuning the 
tank capacitor, the frequency would follow the familiar 
square-law relation, F=1/2TVLC, directly, resulting 
in much higher distortion. A reactance tube, however, 
does not behave like our familiar fixed inductive and 
capacitive reactances.. Instead it produces a reactance 
in which the current is independent of any frequency 
variation across its terminals. Point-by-point consid-
eration of the modulating cycle will reveal the corn-

AMPLIFIER 

DISCRIMINATOR 
L•14,1 La,Qa 

Fig. 4—Seeley discriminator circuit. 

pensating effect, a form of feedback, directly responsi-
ble for the lower inherent distortion. In this discussion 
the use of audio feedback is not taken into account, 
since the extremely good linearity of the modulators 
ordinarily does not require it. The output of the dis-
criminator, properly filtered, is an integrated or direct-
current value depending on the "center frequency" en-
tering the discriminator. 

DISCRIMINATORS 

S. W. Seeley and D. E. Fosters have derived the sen-
sitivity of the "Seeley"-type discriminator of Fig. 4 as 

Sd = ALdQd2gmael volts per cycle  (22) 

in which A =a factor evaluated in the article for vari-
ous conditions of coupling and Ld/L. 
ratios. (If we assume Ld= L., Qd= Q., R. 
is large compared to R, and the opti-
mum coupling k =0.86, then A=12.) 

Ld= discriminator secondary inductance 
Qd= discriminator secondary Q, including ef-

fect of load resistance R 
g..= amplifier transconductance 
ei =amplifier input root-mean-square volt-

age 

This may, therefore, be rewritten, referring to Fig. 4, as 

Sd = 12C dR2gmaei volts per cycle.  (23) 

Assuming for the sake of simplicity that with proper 
coupling the amplifier tube looks into an impedance 
kiR where kl is the proportionality factor, then 

12  12 
Sd =  dR(leiRgmeel) =  dRed 

ki ki 

D. E. Foster and S. W. Seeley, "Automatic tuning, simplified 
circuits, and design practice," PROC. IRE. vol. 25, p. 295; March 
1937. 

(24) 

in which ed is the discriminator input root-mean-square 
voltage. If we make the assumption that in transmitter 
design we shall be able to supply the necessary drive 
and can choose the necessary tube to make Cd swing to 
full supply voltage on peaks, then 

12E, 
dSd =  R. 

N72 

The approximate band wid the of the tuned circuit at 
3 decibels down is 

1 
Wd  (26) 

27RCd 

Equating RCd in (25) and (26) gives 

12E,  E, 
Sd —   — k. —  (27) 

22- 0 kiwi wd 

in which k. is a discriminator sensitivity constant tak-
ing into account the lesser sensitivity obtainable with 
better linearity (say 0.5 decibel down instead of 3). 
It is a figure of merit of the discriminator and pre-
ceding amplifier. 
Sd is a maximum sensitivity and varies inversely as 

the band width because the amplifier is considered a 
constant voltage source. Note that line voltage affects 
sensitivity directly. 
Discriminator drift may be assumed to be inversely 

proportional to tank capacitance for reasonable tank 
proportions, provided the capacitance added to in-
crease stability has a zero temperature coefficient or is 
kept at constant temperature. For transmitter design 
we may consider the discriminator to be located in a 
small temperature-controlled oven. 
If this were not the case, Cd in the following equation 

would appear, from self-controlled oscillator experi-
ence, as some root of Cd, probably the square or cube 
root. 

(25) 

27i-L df2 Fd 

Qd 

kdl; &Aid  
AFd —  cycles  (28) 

Cd 

in which .1 Fd = discriminator drift at the discriminator 
frequency 

kd =discriminator drift coefficient 
Fd= discriminator frequency 
Aid = range of discriminator tank tempera-

ture 
Cd= discriminator tank capacitance 

A factor for line voltage effects is not required for 
properly balanced discriminator circuits. The effect of 
line voltage variation is merely to change the sensitiv-
ity, not the center frequency. High Cd will always min-
imize drift if the coil construction is good, but for rea-
sonable tank proportions over a wide frequency range 
Cd must vary approximately inversely with frequency, 
so that 

• F. E. Spaulding, Jr., "Design  o fsuperheterodyne intermediate-
frequency circuits, , RCA Rev., vol. 4, p. 490; April, 1940. 
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k, 
Cd = — 

Fd 
(29) 

in which k, is a "discriminator stiffness" coefficient. 

Then 
kd 

Fd = — Fd2 ld. 

k, 
(30) 

The discriminator frequency-squared term indicates 
that fractional drift is proportional to frequency. If Cd 

in (28) had been introduced as N/Cd as mentioned 
above, the fractional drift would vary with the square 

root of frequency. 

THE CROSBY2 AUTOMATIC-FREQUENCY-
CONTROL CIRCUIT 

In Fig. 5, it Fo is the drift of the modulated oscillator 
without automatic frequency control, the equation of 
the feedback circuit, (whether ntiFi = Fd as shown, or 
whether miFI beats with F, to supply Fd to the dis-
criminator), may be found by point-to-point drift con-

sideration to be 

AF0 — monisds,AFI = 
AF0   

or  
1+ SdS,,mimd 

This evaluation of drift relations within the feedback 
circuit, and the form of the fundamental drift equation 
as used in (40) have been previously used by J. L. 
Barnes' and N. I. Korman' in an early analysis of the 
Crosby transmitter circuit. For simplicity we may as-

F. 

Fig. 5—Crosby automatic-frequency-control circuit. 

sume that the feedback factor .5„,Simimd is much 
greater than unity. If we consider the multiplier out-
put to be the output of the circuit, ntIFI, then the out-
put drift simplifies to the approximation 

AFo 
4i(miFi) 

(31) 

S jgn d 

plying the oscillator frequency before feeding the dis-
criminator. Band width of the discriminator is a func-
tion of the multiplication following it, and of the swing 

required at the antenna. 

Fig. 6—Crosby transmitter circuit. 

The drift due to the discriminator alone, by similar 

reasoning, may be written 

Sd.S.AF d  AFd 
= 
SdS„imi + 1  mi 

and the fractional drift, from (30), is 

A(m1F1)  kd Fd2 
  —  —  Atd. 

k, rniFi 

(34) 

(35) 

In the ratio Fd2/ntIFI the reduction of drift by beating 
against a crystal is evident. The complete output drift 
from both sources is then 

ko  wdAto + led Fd2Ata 

mitndEp  k. k, 
(36) 

The use of a direct-current amplifier of gain md in the 
feedback loop is obviously the same as an increase of 
mi so far as oscillator drift is concerned, and results in 

materially smaller drift. 

THE CROSBY TRANSMITTER CIRCUIT 

The output frequency drift ascribable to the oscil-
lator alone is the same fractional drift as that at the 
output of the feedback loop and given by (33). We 
shall call this component Do, substituting W/m2 for 
wd, to express the latter in terms of design require-
ments. Referring to Fig. 6, m2 is the multiplication 
following the discriminator feed point. Then, 

ko  W  AL. 

mintzmd Ep 

(32) Expressing as D d the fractional output drift due to the 

discriminator alone, we obtain from (35) 
On the other hand, if we write the output drift as a 
fraction of output frequency, substituting Sd from (27) 
and F0/S. from (8), the output drift due to modulated-

oscillator drift alone is 

(m  kowdAto 

tniFt  = kon dm 1E, 

The factor mond in the denominator shows the bene-
ficial effect of using direct-current gain and of multi-

' Formerly, RCA Manufacturing Company, Inc. 

(33) 

kd Fd2Atd 
D d =  (38) 

By the same method used to obtain (31), the drift at 

miFi due to the crystal alone is 

mon ISdS,NAF. 
A(miFi) =   F5 (39) 

mdmiSaS.  1 

and 
= k,F,At,  (40) 
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in which LIF, = actual drift in cycles 

k.= temperature coefficient of crystal 
Fx= crystal frequency 
Aix= range of temperature of crystal 

From (39) the fractional output drift due to the crystal 
is 

D. -Lc  k,F,Ai, = (  Fa 1 ± - -)k.At.  (41) mzFz 

in which the negative sign applies when Fx<F/m2 
and vice versa. The output drift in cycles is then 
F(D0-1-Dd+D.) or 

F 1W kOAIO niZFd2k d  
total drift =     -I-  Aid 

m4  k,E,  k, 

+ (F ± m2Fa)k.z11.. (42) 

As mz is increased, F/mz decreases to a point beyond 
which the crystal must be operated on the high side of 
F/m2 to obtain the required F4. If we minimize the last 
two terms with respect to F4, we obtain 

leck.At, 
optimum F4 =   (43) 

2k46,t4 

This expression gives the optimum discriminator fre-
quency when the crystal is operated on the low side of 
F/m2. If operated on the high side, minimum F4 al-
ways produces minimum drift. This optimum Fd oc-
curs because the crystal frequency, and therefore its 
drift, is a function of F4 and mz. An increase of Fd will 
reduce drift caused by the crystal but this advantage is 
later overshadowed by the Fa2 term of the discrimina-
tor itself, resulting in increased drift. 
For the case where the crystal is operated on the low 

side of F/m2, Fa from (43) may be put into (42) to give 

FiW koAto ntsk,(k.At.)2 
totaldriftL =   +Fk.At.  (44) 

m4  k,E,  4k4At4 

Because of the situation just pointed out, this equa-
tion applies only when 

— — Fd > 0 or 
M2 

nis < —„ 
r d 

(45) 

in which F4 may be evaluated by (43). 
At this point it is necessary to put numbers into the 

equations in order to draw conclusions from the result. 
The following tentative values have been obtained 
from experimental measurements on an early model 
Crosby exciter. Some constants obviously should be as 
high and some as low as possible (for example, the 
crystal drift coefficient should be low), some are fixed 
by requirements of the Federal Communications Com-
mission, and others may be chosen economically at the 
designer's discretion. 

k = 
= 5 X10-4 

k,I=1.5 X10-3  
k,=0.001 
Ate = 0.5°C 
k,= 16X10' 

k,= 0 .56 
F=50X108 
W=0.2 X108 
Ato =40°C 

E, 250 v 

one cycle/Mc./°C crystal) 
above in 0.5°C oven) 
20 cycles/Mc./°C; 75 1440 
1000 Agpf at 1000 kc) 
discriminator in 0.5°C oven) 
40 cycles/Mc/°C at 4.5 Mc. 
we= 60 kc, E,,.• 24v) 

(0.53 v/kc, 4=40 v r-m-s, ivd= 60 kc) 
(top of 42- to 50-Mc. broadcast band) 
(plus and minus 100-kc swing) 
(maximum ambient temperature range 
of 5°C to 45°C) 

(for receiving tubes) 

(46) 

Using the above figures in (43) we obtain 

0.001 X 5 X 10-8 
optimum Fa =  = 3.33 Mc.  (47) 

2X 1.5 X 10-18  X 0.5 

Maximum mz from (45) is 

50 
=   — 15.  (48) 
3.33 

Then from (46) and (44) 

45750 
total drift', =   + 250 — 8.33m2 cycles.  (49) 

m dmim2 

These results are shown by the solid lines of Fig. 7. 
From (42) and (46), if the crystal is operated on the 

high side of F/m2, 

total driftff =  45750  250 + m2(1-F42 5F4). (50) 
m " 0,12 

From this, the dotted curves of Fig. 7 are plotted. Note 
that over-all drift is the sum of two drift components: 
one a function of Fd and the other a function of mdmi. 
Both are functions of mz. The curves show the obvious 
reduction of drift by increasing the multiplication fol-
lowing as well as preceding the discriminator. 
Fig. 7, then, indicates the proper choice of multiply-

ing factors at various locations in the circuit, when the 
constants of (46) are used. The constants, in turn, are 
obtained from the band width and output frequency 
requirements of broadcast service, from practically 
obtainable modulator and discriminator sensitivities, 
from practically obtainable tank stability, and for the 
assumption that only the discriminator and crystal 
will be located in temperature-controlled ovens. 
Equation (42) was checked against the experimental 

conditions existing in a model of the RCA MI-19407 
frequency-modulated exciter,8in which a somewhat dif-
ferent set of constants from those of (46) was used in 
equation (42), and the over-all drift calculated to be 
835 cycles. This equipment, when subjected to a 40-
degree centigrade heat cycle, a 30 to 95 per cent humid-
ity cycle, and a plus-or-minus 15 per cent line voltage 
cycle simultaneously for worst conditions, showed a 
maximum drift range of 900 cycles. This may be con-
sidered as plus or minus 450 cycles or 4.4 times as 
good as the plus or minus 2000 cycles required by the 
Federal Communications Commission. 

8 E. S. Winlund, "FM engineering considerations, part 2," 
FM Magazine, vol. 1, no. 10; August, 1941. 



194 1  Winlund: Drift Analysis of Frequency-Modulated Circuit 397 

0 

1000 

900 

800 

0 
in 
700 

GOO 

ts 

1. 

a 

.4 

.. 

a 

0 

a 

Cr 
/ / 

\ 

\ 

if/ 
eI 
;')// \  

,,f,' 

-6  \ 
zej 
\i' 

'S / 

/ 
, 

a 
vs. 

V,..1' 

xl/ v• 
, a 

, \ 

\ 

/  

/// 

\ 

\ 

3 
E 
r; .... 

, \. / 
e  \ 

\ 

O A 

4) \ 

- 

il 

-- 

- -‘ c 

V,4‘' 

- 

\ 
N 

_ 
----- 

N 

-- - - - \-- 

----...,.. 

N. 

---...... 
1̀1\ 17t.- it-/ ----. 

---....., 
.......... 

---....... 
............ 

----....... 

-- ...... .... 

........ 
--....... 

S S.. 

.... 

-......... 
.,... 

........... 

= ME M 

-...... 
'S S .... 

... 

2  3  6  10 20  30 - - -- - 60  10 
MULTIPLICATION FOLLOWING  DISCRIMINATOR, ma 

Fig. 7—Crosby transmitter circuit drift curves. 

When crystal is on low side of modulated signal, use solid curves for total drift. Optimum discriminator frequency 
assumed to be 3.33 megacycles. 

When crystal is on high side of modulated signal, use dotted curves for desired Fa and mom'. Total drift is the sum 
of the two. 

moni=gain in feedback loop 
Fa.- discriminator frequency. 

CONCLUSIONS 

By proper attention to design and choice of frequency 
multiplication in individual portions of the circuit, ap-
plications of the Crosby automatic-frequency-control 
circuit are capable of providing stability of the same 
order of magnitude as a crystal. 
The Crosby transmitter circuit is capable of high 

stability with a relatively high modulated oscillator 
frequency, provided a simple heat oven or a high-gain 
direct-current amplifier is used in conjunction with the 
proper circuits. 
Factors which aid stability are 1. low initial fre-

quency, 2. direct-current gain in feedback loop, 3. high 
discriminator power, 4. low-drift crystals, 5. low-drift 
tank construction, and 6. heat-oven regulation of 
proper circuits. The use of but two or three of these 
expedients, the choice being one of design simplicity, 
will usually bring the drift within requirements. 
It is recognized that many assumptions have been 

made in this analysis in order to arrive at a concrete 
and practically usable result. While several of these 

may be very approximate over a wide frequency range, 
the treatment provides a definite foothold for compar-
ing and designing circuits of this type. 
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APPENDIX 

For convenience in following the analysis, a list of 
all symbols follows. 

Sym-
bol  Definition 

A  Seeley coupling factor 
B  Asymmetry factor 
Ca  Discriminator tank capacitance 
C/ Modulated-oscillator tank fixed 

capacitance 
C,,,  Modulated-oscillator tank modu-

lated capacitance 

factor 
fraction 
farads 

farads 

farads 

First 
used 

Units  with 
equation 
23 
21 
23 

2, 10 

13 



Sym-
bol  Definition 

D  Distortion, root mean square, re-
ferred to fundamental  fraction 

DCA  Direct-current amplifier of gain ma  — 
Dd Discriminator drift at antenna fre-

quency  cycles 
Do Modulated-oscillator drift at an-

tenna frequency  cycles 
D.  Crystal-oscillator drift at antenna 

frequency  cycles 
el Discriminator-amplifier input root-

mean-square radio-frequency 
voltage  volts 

G  Peak modulator grid audio voltage  volts 
ea  Discriminator input root-mean-

square voltage  volts 
to  Peak modulated-oscillator tank 

voltage  volts 
e,  Peak modulator grid radio-fre-

quency voltage  volts 
E,  Modulator cutoff bias voltage  volts 
E.  Modulator bias voltage at operat-

ing point  volts 
4  Discriminator-amplifier supply 

voltage  volts 
F  Antenna center frequency  cycles 
F1 Modulated-oscillator center fre-

quency  cycles 
Fa  Discriminator center frequency  cycles 
F.  Crystal-oscillator frequency  cycles 
A Fd Discriminator drift at frequency Fa cycles 
AF0 Modulated-oscillator drift at fre-

quency Fo cycles 
A F,  Crystal-oscillator drift at frequency 

F.  cycles 
Modulator transconductance at 
operating point  mhos 

Discriminator amplifier transcon-
ductance  mhos 

koo  Modulator transconductance at 
zero bias  mhos 

if Peak modulated-oscillator fixed-
capacitance tank current  amperes 

ill  Modulated-oscillator if at peak 
deviation  amperes 

i„,  Peak modulator radio-frequency 
current  amperes 

g1110 

First 
used 

Units  with 
equation 

21 
34 

41 

40 

44 

22 
1 

24 

2, 11 

7 

6 

25 
45 

8 
26, 31 
43 
31 

8 

43 

1 

22 

7 

2, 12 

14 

14 

Sym-
bol Definition 

Discriminator impedance transfe 
constant 

k,  Discriminator stiffness coefficient 
ka  Discriminator drift coefficient 
k„,  Modulator sensitivity coefficient 
ko  Modulated-oscillator drift coeffi-
cient cient 
. Discriminator sensitivity coefficien 
k.  Crystal-oscillator drift coefficient 
L.  Discriminator-amplifier inductanc 
Le  Discriminator tank inductance 
L,  Modulated-oscillator tank induc-

tance 
Frequency  multiplication  from 
modulated-oscillator to discri-
minator 

m2  Frequency multiplication following 
discriminator 

Direct-current amplifier gain in 
feedback loop 

Discriminator-amplifier tank Q 
Discriminator tank Q 
Discriminator tank load resistance, 
radio-frequency 

RL Discriminator direct-current load 
resistance 

Sa  Discriminator sensitivity 
Modulator sensitivity 

Aid  Discriminator temperature range 
,̂Jo Modulated-oscillator temperature 

range 
Al: Crystal-oscillator temperature 

range 
Discriminator band width at fre-
quency Fd 

Won  Modulator band-width capability 
at frequency F1 

wo  Modulated-oscillator band width 
at frequency Fi 

Band width at antenna frequency 

Modulated-oscillator angular fre-
quency 2 TF1 

.6,o)  Modulated-oscillator angular devi-
ation 2 TAF1 

Xo Reactance per leg of modulated-
oscillator tank 

mi 

md 

Qd 

Wd 

First 
used 

Units  with 
equation 

factor 
farad-cycles 
farads/°C 
fraction 

volts/cycle/°C 
factor 
1 /°C 
henrys 
henrys 

24 
32 
31 
6 

8 
30 
43 
22 
22 

henrys  10 

integer 

integer 

ratio 
ratio 
ratio 

ohms 

ohms 
volts/cycle 
cycles/volt 
OC 

°C 

°C 

cycles 

cycles 

cycles 

cycles 

radians 

radians 

oh s 

34 

40 

34 
22 
22 

23 

22 
22 
7 
31 

8 

43 

28 

6 

20 

40 

2 

13 

2 

Observations of Frequency-Modulation Propagation 
on 26 Megacycles 

MURRAY G. CROSBYt, MEMBER, I.R.E. 

Summary—A simplified analysis is given which shows that the 
distortion occurring with two-path transmission of frequency modula-
tion consists of the introduction of a new modulation frequency which is 
frequency-modulated and is not harmonically related to the funda-
mental modulation frequency. Results of observations at Riverhead, 
Long Island, New York, on 26.3-megacycle frequency-modulated trans-
missions from W9XAI at Kansas City are shown and discussed. 

IN THE observations to be described here, condi-tions were rather ideal for study of the type of dis-
tortion produced by multipath effects on frequency 

• Decimal classification: R148.1 X R414. Original manuscript re-
ceived 13); the Institute, April 24, 1941. Presented, Summer Con-
vention, Detroit, Mich., June 25, 1941. 
t R.C.A. Communications, Inc., Riverhead, L. I., N. Y. 
' Owned and operated by the Commercial Radio Equipment 

Company, 7134-36 Main Street, Kansas City, Missouri. 
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modulation. As would be expected for such a high radi-
ation frequency as 26.3 megacycles, and the short dis-
tance of 1150 miles, transmission was such that there 
were comparatively few paths with a relatively small 
time delay between them. During the major portion of 
the observations, transmission appeared to be either 
over a single path or what appeared to be two paths 
with an extremely short time delay between them. The 
rest of the time, transmission was obviously over two 
paths with an appreciable time delay between them. 
Hence the simple conditions of only a single path or 
two paths were available for study without the com-
plications introduced by the many paths encountered 

Proceedings of Ihe I.R.E. 
July, 1941 
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at the lower radiation frequencies which were used in 

previous tests.2 
Before proceeding with the discussion of the results 

of the observations, it will be well to consider the type 
of distortion which this type of transmission may pro-
duce. A mathematical analysis of the manner in which 
the distortion is formed has been given before.2 The 
following is a simplified study intended to give a physi-
cal picture of the type of distortion which takes place. 

alent to the modulating frequency of the phase-
modulation component and is equal to the difference 
between the instantaneous frequencies of the two 
asynchronous waves. This difference is merely the dif-

SIMPLIFIED ANALYSIS 

In the multipath transmission to be considered here, 
it will be assumed that there are two paths with an 
amplitude ratio R and a time delay between the two 

paths of D seconds. 
The upper part of Fig. 1 is a graph of the instantane-

ous frequencies of a sinusoidally frequency-modulated 
wave transmitted over two paths. The ordinates of the 
graph are plotted in frequency deviation either side of 
the carrier frequency F. Wave B arrives D seconds 
later than wave A so that the phase delay a between 
the two modulating waves is equal to 2TDF., where 
F. is the frequency of the modulating wave. 
It will be noted that the effect of the time delay be-

tween the two waves is to cause the frequency varia-
tions to be out of synchronism so that a beat note will 
be formed. This beat note will be equal to the difference 
between the instantaneous frequencies of the two 
waves. Thus at the time b in Fig. 1, the beat note will 
be equal to the frequency difference y — x. At the time 
c, it will be equal to z —w and at the time d the differ-
ence is zero. The frequency difference changes sign, or 
reverses phase, at the zero points a, d, e, etc. 
It can be seen that the presence of two waves of 

different frequency produces a resultant wave which is 
amplitude- and phase-modulated. Thus the effect of the 
multipath transmission is to superimpose an amplitude 
modulation on the wave amplitude and a phase modu-
lation on the phase or frequency of the wave. In the 
case to be examined here, it will be assumed that the 
amplitude ratio R of the two waves is less than unity 
so that the superimposed amplitude modulation will 
be less than 100 per cent and may be removed by the 
limiter in the frequency-modulation receiver. The 
phase-modulation component is therefore the only one 
which need be considered. 
The phase-modulation component of the resultant 

is to be received on a frequency-modulation receiver 
so that, in order to determine the output of the fre-
quency-modulation receiver when it is fed by such 
phase-modulated distortion, the effective frequency 
deviation of the phase modulation must be determined. 
In order to do this, the beat-note frequency and the de-
gree of phase modulation must be evaluated. From 
these two values, the effective frequency deviation 
may be ascertained. The beat-note frequency is equiv-

2 Murray G. Crosby, "Frequency modulation propagation 
characteristics," PROC. I.R.E., vol. 24, pp. 898-913; June, 1936. 

Fig. 1—Manner in which the frequency variations of wave .1 and 
time-delayed wave B combine to produce a resultant wave C 
having a frequency-modulated distortion component. 

ference between the amplitude of the two sine waves of 

frequency deviation: 

fA — fir = Fa sin pt — Fd sin (pi ± a)  (1) 

Or, 

a 
F md  = 2F d sin — [cos (pt  cl ] 

2  2 
(2) 

where fA and fp are the respective instantaneous fre-
quencies, Fd is the peak frequency deviation of the 
original frequency-modulated wave p=2TF., and Fma 
is the modulation frequency of the distortion compo-

nent. 
From (2), it can be seen that the modulation fre-

quency of the distortion component is sinusoidally 
varied between the limits of plus and minus 2Fd sin al2. 
It is thus a frequency-modulated distortion which 
sweeps through zero cycles and has a maximum fre-
quency dependent upon the applied frequency devia-
tion Fd and the phase delay between the modulation 
frequencies of the two paths a. Since a= 21-DF., the 
maximum frequency is in turn dependent upon the 
time delay between paths and upon the original ap-
plied modulation frequency. The maximum frequency 
goes through maxima and minima in accordance with 
sin aI2 as a is varied by a variation of either D or F. 
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The maximum possible beat note is equal to twice the 
applied frequency deviation and occurs when a is 180, 
540, etc., degrees. 

The magnitude to the phase deviation of the re-
sultant vector composed of two waves having a beat 
note can easily be shown to be approximately given by 

= R (for R <1)  (3) 

where cp, is the phase deviation in radians, and R is the 
amplitude ratio of the two waves. Hence the effective 
phase deviation of the superimposed distortion is ap-
proximately equal, in radians, to the amplitude ratio 
of the two paths. In the case to be considered here, R 
is close to, but less than, unity. 
It may also be shown that the effective peak fre-

quency deviation of a phase-modulated wave is given 
by 

Fd = OF.  (4) 

where Fa is the effective peak frequency deviation,  is 
the peak phase deviation of the phase-modulated wave 
in radians, and F. is the modulation frequency of the 
phase-modulated wave. Substituting (3) and (4) gives 
the formula 

Fd = RF„,  (5) 

which gives the effective peak frequency deviation Fd, 
produced by the resultant of two sinusoidal waves 
having an amplitude ratio R and a difference, or beat-
note frequency, F.. Inserting the beat-note frequency 
of (2) for F. in this formula gives 

a 
Fdd = 2RF d sin — [cos (pt —")]  (6) 

2  2 

where Fdd is the peak frequency .deviation of the dis-
tortion component. 

Equation (2) gives the relation for the modulation 
frequency of the distortion component and (6) gives 
its peak frequency deviation. The resulting relation for 
the frequency of the received carrier therefore has the 
form 

f = F.  Fd sin pt — Fdd sin (27rF„,dt) (7) 

in which F, is the carrier frequency and Fdd and Frnd 
are given by (6) and (2), respectively. The output of 
the frequency-modulation receiver which is fed by this 
frequency-modulated wave will be 

J = kF d [sin pt — {2R sin ±1-- cos (pt  1 .)} 
2  2 

• sin 2r {21% d sin -51  cos (p t  t].  (8) 
2  2 

It can thus be seen that the multipath distortion 
appears as a superimposed modulation which is sinu-
soidally frequency-modulated and has a depth of 
modulation which is proportional to this variable mod-
ulation frequency. Hence, as the distortion is modu-
lated through zero frequency, the amplitude passes 

through zero, and as it is modulated to its highest fre-
quency, the amplitude increases to its maximum value. 
The maximum value of the distortion frequency devia-
tion will be slightly less than twice the original fre-
quency deviation. This value will occur when R is close 
to unity and a is 180 degrees, 540 degrees, etc. Hence, 
the amplitude of the distortion component may rise to 
as high as approximately twice the amplitude of the 
original modulation frequency. 
Wave C of the lower graph of Fig. 1 shows how the 

distortion modulation is superimposed on the original 
modulated wave which is shown dotted. The maximum 
frequency of the distortion modulation occurs at the 
time c and has a value equal to 2Fd sin a/2. At times 
on either side of this maximum frequency point, the 
frequency and the amplitude of the distortion com-
ponent decreases towards zero at the times a and d. 
Since the superimposed distctrtion is in the form of a 

phase modulation like the combination of a carrier 
with noise, the frequency-modulation system discrim-
inates somewhat against the multipath effects just as 
it does against noise. This discrimination shows up as 
a reduction of distortion as the modulation frequency 
is lowered below the frequency which causes a to be 
90 degrees or the quantity 7rDFm to be equal to r/2. 
However, such an effect is dependent upon the de-
sired signal being stronger than the undesired. Hence 
for the discrimination against multipath effects to be 
effective, the signal arriving over one path must be at 
least twice as strong as the resultant of the others. For 
the case of ionospheric transmission, this can only hap-
pen occasionally. Furthermore, with the values of D 
normally encountered in ionospheric transmission 
(from a few microseconds to several milliseconds), the 
maximum allowable F. would have to be quite small 
in order for the quantity irDFm to be less than 7r/2. 
In the wave form above discussed, it was assumed 

that the amplitude ratio of the two paths was less than 
unity. Of course there is nothing to inlure this condi-
tion in actual practice so that the condition of 100 per 
cent amplitude modulation, which occurs when the 
ratio is unity, would frequently occur. When 100 per 
cent amplitude modulation occurs, the limiter brings 
up the noise during the signal minima. As will be 
shown in the results of the observations, the signal 
minima occur at the peak of the distortion-frequency 
cycles. The noise is therefore introduced during these 
peaks. 

W AVE-FORM OBSERVATIONS ON W9XA 

The observations were made during the months of 
June and July, 1940, during which time W9XA radi-
ated frequency-modulation transmissions of tone and 
program modulation on 26.3 megacycles. Although this 
frequency is too high for consistent transmission over 
the 1150-mile path between Kansas City and the re-
ceiving location at Riverhead, L. I., N. Y., there were 
many days of good transmission. Signal strengths 
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up to about 15 microvolts per meter were received. 
Modulation tones of 100, 400, and 2000 cycles were 

applied with a frequency deviation of about 26 kilo-
cycles. The wave form was observed on an oscillo-
scope which was photographed with a 16-millimeter 
motion-picture camera. 
The oscillograms of Fig. 2 show the typical types of 

wave-form distortion obtained on the various tone fre-
quencies. Aside from the periods during which there 
appeared to be single-path transmission with little or 

A 

vr\I 

of the time the signal dropped below the noise level 
during this dip so that it appeared as though there were 
a "hole" in the ether in which there was zero trans-
mission. Typical instances of this condition are shown 
in the oscillograms of Fig. 2B, C, D, K, and L. In the 
case of Fig. 2B, there is also a slight indication of the 
existence of a path of longer time delay as shown by 
the higher frequency distortion superimposed between 
the two noise peaks. In Fig. 2C, the peak of the wave 
passed through the "hole" and let the noise through, 

' \j 

ivNift;\ 

AO\ 

IV 
Fig. 2-0scillograms of the wave forms received from the W9XA frequency-modulation transmissions. The modula-
tion frequencies used for these oscillograms are: A-100 cycles; B, C, D, E, F, G, and H-400 cycles; I, J, K, and 
L-2000 cycles. 

no distortion, there were two separate conditions of 
distortion which were observed. The first was a con-
dition of an apparent two-path transmission with an 
extremely short time delay of a few microseconds be-
tween paths. The second was a condition of an appar-
ent two-path transmission with a time delay of about 
100 microseconds between paths. The condition of 
single-path transmission predominated during about 
one half of the days signals were received. The two 
conditions of distortion each predominated during 
about one fourth of the observations. 
The result of the first condition in which the time 

delay was a few microseconds was the introduction of a 
single dip or jag in each half cycle of the wave. Most 

while in Fig. 2D only the peak of the wave came 
through. In Fig. 2K, the amplitude ratio of the two 
paths was not sufficiently close to unity to cause the 
resultant signal to cancel to a value below the noise 
level. Fig. 2L is similar to Fig. 2B except that the tone 
frequency was 2000 cycles instead of 400. 
When this first condition existed, the superimposed 

distortion beat note between the two waves separated 
by a time delay apparently rose to something between 
one-half cycle and a full cycle. The sharpness of the 
peaks produced might indicate a beat frequency of 
higher than one half to one cycle. However, this sharp-
ness is obviously due to the peculiar peakedness of the 
wave form obtained from the frequency-modulation 
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component of the beat note when the amplitude ratio 
is near unity.' 

Since, during this first condition, the dip also occurs 
as a "hole," it is apparent that the condition of out-of-
phase radio-frequency combination of the two waves 
produces the dip. Thus, the location of the dip with 
respect to the original modulation cycle is dependent 
upon the particular radio-frequency phase relation 
existing at the time. As this radio-frequency phase rela-
tion varies, the location of the dip or "hole" shifts 
from one point on the cycle to another. This shifting 
was usually taking place continuously in the observa-
tions. 

The time delay between the two paths for this first 
condition was evaulated by equating the maximum 
superimposed distortion modulation frequency to 
2Fd sin irDF„, and solving for D. Assuming F„,d as one 
cycle gave a time delay of 3 microseconds for the case 
of Fig. 2K. If F„,a were assumed to be one-half cycle, 
the corresponding value of time delay would be 1.5 
microseconds. 

In the second condition, the time delay was suffi-
ciently large so that an appreciable beat note was 
formed. As can be seen from a comparison of Figs. 2A, 
E, F, G, H, and I, the depth of modulation of this 
superimposed distortion increased as the original mod-
ulation frequency was increased. The oscillogram of 
Fig. 2A shows about the maximum amount observed 
on the 100-cycle tone frequency. When the distortion 
occurred on this frequency, the amplitude ratio of the 
paths was apparently very close to unity because 
noise usually came through on the peaks of the dis-
tortion modulation. 

Figs. 2E and F show adjacent frames of 16-milli-
meter motion pictures taken at 16 frames per second 
so that they are 1/16th of a second apart in time. It is 
apparent from the reversal of the phase of the distor-
tion modulation, that the amplitude ratio of the two 
paths must have gone through unity between frames. 
The existence of the sharply peaked wave form indi-
cates that the ratio was near unity for both frames and 
the reversal of the direction of the sharp peak shows 
that the stronger path of one frame became the weaker 
path of the other.' Hence, the relative amplitudes of 
the two paths must have been varying quite rapidly. 
Figs. 2G and H show an indication of change in rela-

tive path amplitudes during a cycle. It will be noted 
that the direction of the sharp peaks of the distortion 
wave form reverses near the peak of the cycle. It is 

s Murray G. Crosby, "Frequency modulation noise character-
istics," PROC. I.R.E., vol. 25, pp. 472-514; April, 1937. Fig. 4 on 
page 486 shows the calculated wave form of the frequency variation 
produced by the combination of two sinusoidal waves of various 
amplitude ratios. When the amplitude ratio is near unity, the wave 
form is sharply peaked on one side and flattened on the other. Inter-
changing the relative amplitudes of the two waves reverses the 
polarity of the resulting wave form. Interchanging the relative 
frequencies of the two waves has the same effect. The result of an 
interchange of the relative amplitudes or frequencies of the two 
waves is thus to cause upward peaks to become downward and vice 
versa. 

apparent from this that the two paths had different 
frequency characteristics so that at one frequency one 
path was predominant and at another the other path 
was predominant. 
Fig. 21 shows the distortion that was quite typical of 

the 2000-cycle tone during this second condition of 
time delay. The maximum modulation frequency of 
the distortion F„,d was about 32,000 cycles for this in-
stance. This modulation frequency is higher than the 
receiver was designed to pass. However, since there was 
only one high-quality audio transformer in the audio 
system, this frequency was passed although at reduced 

amplitude. Equating this value of F„,a to 2Fd sin irDF„, 
gives a time delay of 105 microseconds for this instance. 
Applying the same procedure to the 400-cycle case of 
Fig. 2F gives a value of F„,a of 7000 cycles and a time 
delay of 106 microseconds. 
Fig. 2J shows a case in which there were apparently 

more than two paths. This condition was quite rare. 

PROGRAM OBSERVATIONS 

During the major portion of the program observa-
tions, transmission was apparently over a single path 
at which time the only effect noticed was the variabil-
ity of the signal-to-noise ratio as the signal faded. 
For the first condition of distortion, which produced 

the single dip in the tone wave form, there were a few 
observations of program modulation. These observa-
tions were characterized by the introduction of spurts 
of noise as the modulation was applied. Sometimes 
these spurts were of short time duration so that the 
annoyance was slight, while at other times the band 
width of the "hole" was apparently wide enough to 
remove a major portion of the modulation cycle and 
the result was severe distortion and noise. 
It happened that during the short periods of the 

second condition of longer time delay between paths, 
the transmissions consisted of tone.xnodulation so that 
no program observations for this condition were ob-
tained. 

STATIC RECEPTION 

On several occasions there was enough static to be 
heard on 26 megacycles. The static consisted of "bats" 
and "crashes" which came through with the usual 
sound on the amplitude-modulation receiver, but 
sounded much different on the frequency-modulation 
receiver. The effect of a crash was to eliminate the sig-
nal for the duration of the crash and substitute a 
steady hiss like tube hiss. The sound was the same as a 
momentary loss of carrier and could be duplicated by 
momentarily shorting the antenna. Usually the effect 
was inappreciable unless the strength of the crash was 
great enough to blot out the signal momentarily. On 
one occasion, the receiver was tuned to W1X0J on 
43.0 megacycles and the same static was observed. 
It is apparent that this sound of the static is due to 

the noise-silencing properties of the receiver for the 



condition of noise with a greater peak voltage than 
that of the carrier. Under this condition, the noise dis-
criminates against the signal so that the frequency-
modulation improvement is working against the signal 
instead of against the noise. Also, due to the "fre-
quency-limiting" property of the frequency-modula-
tion receiver, the irregularities of the static impulse 
are limited off so that the sound is smooth like that of 

tube hiss. 

CONCLUSIONS 

The simplified analysis of the two-path case shows 
that the distortion consists of the introduction of a 
new modulation frequency which is frequency-modu-
lated from zero to a frequency as high as twice the 
applied frequency deviation. The amplitude of the dis-
tortion component is proportional to the modulation 
frequency of the distortion component and may rise to 
a resulting frequency deviation as high as approxi-
mately twice that of the original modulation frequency 
There were three conditions of transmission which 

apparently existed during the observations on W9XA. 
The first was a single-path transmission in which the 
only effect noticeable was the variation in signal 

strength. This condition existed on about one half of 
the days signals were received. The second was a two-
path transmission with a short time delay of a few 
microseconds between paths. This second condition 
produced a single dip in the cycle of the tone modula-
tion and caused the introduction of spurts of noise with 
modulation on program modulation. It prevailed on 
about one fourth of the days signals were received. The 
third condition was a two-path transmission with a 
time delay of about 100 microseconds between paths. 
This condition caused the introduction of frequency-
modulated distortion components up to 32,000 cycles 
when the modulation tone was 2000 cycles. It took 
place on one fourth of the days signals were observed. 
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High-Frequency Radio Transmission Conditions 
June, 1941, with Predictions for September, 1941* 

NATIONAL BUREAU OF STANDARDS, WASHINGTON, D.C. 

T
HE radio transmission data herein are based on 
observations at Washington, D. C., of long-
distance reception and of the ionosphere. Fig. 1 

gives the June average values of maximum usable fre-
quencies, for undisturbed days, for radio transmission 
by way of the regular layers of the ionosphere. The 
maximum usable frequencies were determined by the F 
layer at night and by the E, Fs, and F2 layers during 
the day. Fig. 2 gives the expected values of the maxi-
mum usable frequencies for radio transmission by way 
of the regular layers, average for undisturbed days, 
for September, 1941. Average critical frequencies and 
virtual heights of the ionospheric layers as observed 
at Washington, D.C., during June are given in Fig. 3. 

• Decimal classification: R113.61. Original manuscript received 
by the Institute, July 11, 1941. These reports have appeared 
monthly in the PROCEEDINGS starting in vol. 25, September, 1937. 
See also vol. 25, pp. 823-840: July, 1937. Report prepared by N. 
Smith, T. R. Gilliland, and C. 0. Marsh. 

TABLE I 
IONOSPHERIC STORMS (APPROXIMATELY IN ORDER OF SEVERITY) 

Day and 
hour E.S.T. 

hp 
before 
sun-
rise 
(km) 

Minimum 
fp' 
before 
sunrise 
(Mc) 

Noon 
Y.° 
(Mc) 

Magnetic 
character' 

00-12 
G. M.T. 

12-24 
G. M.T. 

June 
12 (from 0200) 
13 
14 
15 (through 0900) 

17 (from 1600) 
18 
19 (through 0500) 

120 (from 0100) 
121 (through 0500) 

110 
111 (through 0400) 

126 (from 2100) 
127 (through 0800) 

For comparison: 
average for undis-
turbed days 

322 
342 
308 
340 

312 
340 

304 

336 
332 

330 

299 

2.0 
2.0 
1.8 

<1.6 

2.8 
2.3 

2.3 
3.0 
2.8 

2.1 

2.79 

Iono-
spheric 
char-
acter' 

5.0  2.1  2.2  4 
<4.5  3.8  3.4  6 
4.9  2.9  2.1  3 
-  3.5  3.0  4 

-  2.0  3.2  5 
5.5  2.8  1.9  5 
___  1.0  2.2  3 

4.9  3.2  2.5  4 
-  2.8  2.0  2 

5.2  2.9  3.9  3 
-  3.5  2.5  2 

-  1.8  2.4  1 
-  3.1  1.8  3 

5.83  1.5  1.5  0 

I Average for 12 hours of American magnetic K figure determined by seven 
observatories, on an arbitrary scale of 0 to 9, 9 representing the most severe 
disturbance. 

1 An estimate of the ionospheric storminess at Washington, on an arbitrary 
scale of 0 to 9.9 representing the most severe disturbance. 

1 Recorder not in operation. 
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MAXIMUM USABL
E FREQUENCY I
N MC/S 

36 

32 

28 

24 

20 

16 

12 

8 

4 

0 

0  2  4  6  8  10  12  14  16  18  20  22  0 

LOCAL TIME AT PLACE OF REFLECTION  

Fig. 1—Maximum usable frequenc ies  for  depen dable radio  trans-
mission via the regu lar  layers,  average  for  undisturbed  days,  
for June, 1941. The values  shown  were  cons idera bly exceeded  
during irregular periods by re flect ions  from  clouds  of sporadic  E 
layer (see Table III). These  curves  an d those  of  Fig.  2 also  
give skip distances, since  the maximum usable frequency for a 
given distance is the frequency  for  which that  distance  is the  
skip distance. 
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c•1550m, (2500km) 

d•1250mi (2000km) 

e• 930mi (1500km) 

f • 620mi (1000km) 

g • 310m. (50011m) 

h• Zero Distance 

Critical frequencies for each day of the month are 
given in Fig. 4. 

Ionospheric storms are listed in Table I. Beginning 
with last month's report, the scales used for the iono-
spheric and magnetic character figures run from 0 to 9 
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LOCAL TIME AT PLACE OF REFLECTION 

Fig. 2—Predicted maximum usable frequencies for dependable radio 
transmission via the regular layers, average for undisturbed 
days, for September, 1941. The values shown will be consider-
ably exceeded during irregular periods by reflections from clouds 
of sporadic E layer. For information on use in practical radio-
transmission problems, see pamphlets "Radio Transmission and 
the Ionosphere" and "Distance Ranges of Radio Waves" ob-
tainable from the Natural Bureau of Standards, Washington, 
D. C., on request. 
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Fig. 3—Virtual heights and critical frequencies of the ionospheric 
layers, observed at Washington, D. C., June, 1941. 

instead of 0 to 2 as previously. The magnetic-character 
figures given in Table I are averages, for each Green-
wich half day, of the 3-hour magnetic K figures de-
termined by the seven American-operated magnetic 
observatories. 

The ionospheric storms during June were not as 
severe or frequent as in previous months. The details 
of the ionospheric storm day of June 13 are shown in 
Fig. 3. The open circles in Fig. 4 indicate the noon 
and midnight critical frequencies observed during the 
ionospheric storms listed in Table I. The sizes of the 
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Fig. 4—Midnight fp° and noon fe, fF,°, and fF,°, for each day of 
June. Open circ les  indicate critical frequencies observed during 
ionospheric storms; sizes of circles represent approximate 
severity of storms. 



circles roughly represent the severity of the storms. 
Sudden ionospheric disturbances are listed in Table 

IL Table III gives the approximate maximum usable 
frequencies for good radio transmission via sparadic-E 

reflections. 

TABLE II 
SUDDEN IONOSPHERIC DISTURBANCES 

Day 

G. M.T. 
Locations of 
transmitters, 

Relative 
intensity 
at mini- 
mum' 

Other 
phenomena Be- 

ginning En d 

June 
3 1138 1240 Ont. 0.0 Terr. Mag. Pulses 

1133-1150 
4 1744 1840 Ont., D.C. 0.0 Terr. Mag. Pulse, 

1743-1845 

5 1431 1441 Ont., D.C. 0.01 Terr. Mag. Pulse, 
1428-1435 

6 1620 1730 Ont., D.C. 0.0 

9 1813 1840 Ont.. D.C. 0.01 

14 1312 1350 Ohio. Ont., D.C. 0.0 

30 1355 1410 Ohio, Ont., D.C. 0.02 

W8XAL. Mason. Ohio was not recorded until June II. 
3 Ratio of received field intensity during fade-out to average field intensity 

before and after, for station CFFtX, 6070 kilocycles, 600 kilometers distant. 
I As observed on Cheltenham magnetogram of the United States Coast and 

Geodetic Survey. 

Correspondence 

TABLE III 
APPROXIMATE MAXIMUM USABLE FREQUENCIES IN MEGACYCLES. FOR RADIO 

TRANSMISSION VIA STRONG SPORADIC-E REFLECTIONS 

Day 

June 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Hour, E.S.T. 

000102 0310410506 07 08 09 10 11 12 13 14 IS 16 17 18 19 20 21 22 23 

27 19 

25 28 
27 24 
19 

22 
25 

20 

27 

22 

23 
35 24 
34 
11 

16 

19 
25 
19 
18 

24 
35 

18 

19 

25 

19 

42 

45 

18 
42 
i 

16 

19 
23 
22 
18 
27 
18 
32 
23 
21 
23 

22 

50 

19 116 

34 
20 
22 

19 
50 
1 
[ 

15 

17 
19 
39 
23 

41 

19 
22 

20 

50 

24 
18 

14 
39 
45 
18 
11 

13 

19 20 17 
34 19 
25 19 

15 19 
4S 33 SC 

21 2 

18 
2l 

19  34 

19 14 

21 18 1, 
50 50 2. 
37 28 2, 
I 

22 

34 36 

22 
50 34 

27 
36 23 
37 

28 34 

39 34 

23 

27 

28 

22 

37 

14 

17 
5034 
19 

19 

35 

19 

15 
16 
15 
17 
23 

16 

17 16 
17 14 

15 
1 19 

23 34 

18 

1424 

35 3 

16 17 

15 17 

18 19 

34 20 

19 

19 24 

16 
15 15 

40 37 

19 27 

19 IS 

39 36 

15 15 

16 

21 40 

24 18 

22 

17 

20 

36 

17 

15 

19 
24 
21 
23 

18 

20 

22 

1950 
26 

21 

19 
21 23 

23 
24 23 
21 

23 25 

19 45 

29 27 

40 

2S 25 
44 27 
23 24 

23 23 
23 
23 

23 
28 24 35 

25 
25 
20 22 

45 46 45 
27 

28 
40 40 

22 

25 

24 
24 50 37 
34 38 50 

34 
45 35 

34 
43 

50 

4 

1 

Piezoelectric Crystals 

I have read with interest the corre-
spondence by Messrs. W. P. Mason and 
G. W. Willard in the Septe mber, 1940, 
issue of the PROCEEDINGS under the title 
"Piezoelectric Crystals." 

This correspondence refers in some de-

tail to a publication by the National Physi-

cal  Laboratory  entitled  "Notation  for 

Piezo-Electric  Quartz."  This  pa mphlet 

was drawn up by representatives of four 

British  organizations  interested  in  the 

subject and was also circulated, prior to 

publication, to some prominent workers in 

this field in France, Japan, and the United 

States of A merica. The notation suggested 

therein was considered to be helpful by 

all these workers in the field of piezo-

electricity and it was hoped that the report 

would prove useful to other investigators. 

The com mittee which was responsible 

for drawing up the report published by 

the Laboratory has been dissolved, and al-

though Mr. Vigoureux is no longer a me m-

ber of the staff of the Laboratory, I have 
had an opportunity of discussing with hi m, 

by correspondence, the proposals of Messrs. 

Mason and Willard. The following co m-

ments on their suggestions is the result of 

this correspondence. 

Messrs. Mason and Willard write that 

the facet definition of "handedness' does 

not agree with the definition based on 

optical rotation as given in Vigoureux's 

books,' ,' but nowhere in the books is it 

stated that the sense of the rotation applies 

to "an observer located at the light source." 

The usual convention is just the opposite, 

as Van Dyke points out,' and when, it is 

adopted, the two definitions are in agree-

ment. 
The axial notation reco m mended in the 

National Physical Laboratory pa mphlet is 

that adopted in Voigt's classical treatise, 

and followed by Ger man writers and most 

English and A merican writers; some Japa-

nese, and, as it now appears, so me A meri-

can writers advocate the use of right- and 

left-handed syste ms of axes for right- and 

left-handed quartz respectively. In prac-

tice there is little difference between the 

two procedures since in mathe matical in-

vestigations right-handed axes presu mably 

would always be employed. The results are 

applied to left-handed quartz by changing 

the syste m of axes in one case, in the other 

by reversing the signs of the piezoelectric 

constants and moduli. 

It is im material whether the letters 

v or 1, in, n, be used for direction 

cosines, the for mer were recom mended to 

avoid confusion with the in faces of the 

crystals, but no doubt this reco m menda-

I "Quartz  Resonators  and  Oscillators,'  His 
Majesty's Stationery Office. 1931. 

5 'Quartz Oscillators." His Majesty's Stationery 
Office, 1939. 

3 Karl S. Van Dyke. "On the right- and left-
handedness of quartz and Its relation to elasticand 
other properties." PROC. IR E., vol. 28, pp. 339-
406; September, 1940. 

tion would be modified if there proved to 

be a strong current of opinion against it. 

Si milar considerations would presu mably 

apply to flu ,Ex., etc. versus X., x, etc. 
for stress and strain. 

The National Physical Laboratory rec-

om mendations state (last two paragraphs 

of page 8) that three angles, not two, are 
required for the specification of rectangu-

lar plates. 
It is agreed that the many different 

and  so meti mes  conflicting  notations 

adopted by writers cause unnecessary di ffi-

culties to the reader of periodical literature 

on quartz, and tend to slow down progress 

in the subject, and in fact the National 

Physical Laboratory pa mphlet was the 

outcome of a desire to bring the matters of 

standardization under discussion by an 

international body. The collaborators to 

the pa mphlet did not regard their reco m-

mendations as final, but rather as for ming 

the basis for a discussion of wider scope, 

in which their colleagues overseas would 

take part. The for mation of the co m mittee 

advocated by Mason and Willard is there-

fore welcomed, but it is felt that its find-
ings should be given the for m of proposals 

rather than decisions, for subsequent inter-

national discussion when circu mstances 

permit. 
R. L. SMITH-ROSE 

Superintendent 

Radio Depart ment 

National Physical Laboratory 
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ADDRESS OF PRESIDENT TERMAN AT THE SUMMER CONVENTION BANQUET 

DETROIT, MICHIGAN, JUNE 24, 1941 
Our Convention banquet tonight takes place at a 

crucial moment in our national history, in a city teem-
ing with industrial activity directed towards national 
defense. I am sure that you have all shared with me 
the thrill of being immersed, even if only for a few 
days, in this "home town" of the internal-combustion 
engine, the many uses of which in these days are being 
made vivid as reports come in from abroad and as our 
own defense production accelerates. As I listened to 
the technical sessions at this Convention, I came to the 
feeling that the ultimate effect of radio techniques 
upon the national defense is fully as important as that 
of the internal-combustion engine. 
Time was when radio was simply a form of teleg-

raphy and telephony without wires. In the past few 
years, however, its by-product developments have 
mushroomed out to an extent that those pioneers who 
first worked in this field of electr,ical engineering can 
now hardly believe their recollections of the simplicity 
of its beginnings. It is one of the evidences of the rapid 
growth of radio that many of its pioneers are still 
among us. As engineering societies go, the Institute of 
Radio Engineers is among the youngest, the most vir-
ile, and the least fettered by tradition. Founded in 1912 
to advance the art and science of radio communication 
through the presentation and publication of technical 
papers, your society's growth, membership, and influ-
ence have been contemporary with, and in considerable 
measure responsible for, the amazing expansion of the 
radio and electronic arts since the early twenties. There 
is no professional engineering society in the world 
which has the degree of authority and extent of cover-
age in the radio field that distinguishes the Institute 
of Radio Engineers. Among your past presidents and 
your medalists you cherish the greatest names associ-
cated with the science and development of radio. You, 
of this Institute, have every reason for taking collec-
tive pride in the achievements of the individuals, past 
and present, who compose your illustrious roster. 
In 1941 radio progress continues at accelerated pace. 

The method of frequency modulation of ultra-high 
frequencies is finding application in meeting many 
problems, and, in broadcasting, had its commercial 
debut at the beginning of the year. By midyear, tele-
vision, which had met with some regulatory obstacles, 
will be off to a commercial start in cities scattered 
throughout the United States. Broadcasting, which 
heretofore has been denied sight, may be expected to 
respond to the stimulus of its new-found sense of vision. 
Either of these two developments by itself would, in 
normal times, represent a heavy load upon the tech-

nical forces of the industry. Coming in addition to the 
demands of national defense and faced with the con-
sequent diversion of personnel, these new develop-
ments serve to emphasize what an extraordinary ver-
satility of service to mankind the radio engineer is 
called upon to deliver at this time. 
Today the armed services of the nation are drawing 

mightily upon the intellectual inheritance handed 
down by radio pioneers, and upon the current intel-
lectual output of the membership of this Institute, a 
cross section of which form p this audience tonight. 
Radio and its allied arts will have much to do with the 
placing of force where force is needed in the event that 
this country goes to war. Some of these radio applica-
tions will be to the handling of communications, 
through whose agencies the armed forces of the nation 
will be supplied and moved. The swifter deployments 
of mechanized forces characteristic of war today make 
far greater demands upon telegraphic and telephonic 
communications than was the case in any preceding 
war. But in addition, electronic techniques are finding 
totally new employments—other than communica-
tion—in navigation and in searching out the enemy, 
whether he come by sea, land, or air. These applica-
tions are not simple forms of radio—they are among 
the most complex. Developments are being applied 
that were closed books to all but a dozen men a year 
ago. The most intricate military control equipment, 
much of it based upon radio devices, will be common-
place in our services when and if war comes to us. 
And now we have an additional factor to complicate 

the problems of the radio engineer. Within recent 
weeks it has become evident that he faces a new chal-
lenge, and is called upon, like Israel of old, "to build 
bricks without straw." Confronted with shortages of 
certain strategic materials which up to now have been  • 
used freely in all radio equipment, we shall have to 
design many of our transmitters, receivers, and so on, 
with substitute materials and by new methods. Mem-
bers of this Institute, leaders of their profession, will 
have to assume a new leadership in reducing the needs 
for standard materials, not only by substitution but 
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perhaps by reducing the number of different types of 
apparatus used; perhaps by standardizing, to an ex-
tent not heretofore known, on parts and types which 
are retained. Broadcast receivers, which we shall have 
to continue to manufacture to satisfy the military de-
mand for preservation of civilian morale and safety, 
may have to be built with fewer tubes and with ma-
terials now strange to manufacturers. We are giving 
over a session at this Convention tomorrow to a special 
consideration of means available to us to meet this 

temporary difficulty. 
With all the pressure that is being brought to bear 

upon imaginative radio thought for the prosecution of 
aggressively defensive measures, it is incumbent upon 
us, as an Institute representing the welfare of all its 
members, to take whatever action that may be open to 
us to insure that in this hour of our country's emer-
gency there shall be no cessation of effort, no diminu-
tion in the flow of ideas, no radical changes in the 
organizations through which, and the tools with which, 
we work. There is a feeling of regret abroad throughout 
the radio engineering field that a squabble should have 
developed involving the government and industry in 
the midst of our country's defense effort. This creates 
confusion at the very moment when its morale and gen-
eral effectiveness should be maintained at concert pitch. 
We engineers know, and the communication units 

of our military services know, that the major forward 
steps which have so far been made in the radio field 
have originated in commercial and university labora-
tories, where scientists, engineers, and inventive tech-
nicians have been willing to devote their lives and 
efforts to the improvement of the radio art. 
Within recent months, these laboratories have 

greatly expanded their facilities, and new ones are un-
der way. The products of such laboratories will be of 
inestimable value to the United States for military and 
commercial purposes, both in this time of national 
emergency and in the critical times of peace which may 
be expected to follow. Nothing must be permitted to 
discourage the planning, construction, and operation of 
such laboratories and allied activities. The morale and 
output of the research and development engineers who 
work in them must not be destroyed by law, regula-
tion, industrial practice, or the conflicts which deny 
stability to radio technical and commercial operations, 
which follow economically unsound and technically 
unjustifiable lines of control, or which withdraw incen-
tive for the origination of new ideas and better meth-
ods by interfering with the natural way of gaining 
progress through the urge of the competitive spirit. 
The history of the development of radio broadcast-

ing is one of the brightest stories in American industry. 
Conceived in the daring and vision of its pioneers, born 
of the technical skill of our engineers, nourished and 
fostered by American principles of free competition 
broadcasting in this country expanded at a rapid rate 
and successfully established an unparalleled service to 

the people. Under the former Federal Radio Commis-
sion, established some fourteen years ago, a benign 
form of government regulation began gradually to be 
applied, designed primarily to allot available fre-
quencies among the applicants, in conformity with 
natural laws and within the limitations imposed by 
necessary international agreements. It became neces-
sary, also, to begin policing the radio-frequency spec-
trum, but the policies of the Federal Radio Commis-
sion were broadly based upon sound engineering stand-
ards. No heavy regulating hand was laid upon radio 
technical progress. Thus an excellent service developed 
which received rapid public acceptance. The Commis-
sion made no attempt to usurp the engineering pre-
rogatives of designers of broadcast transmitters and 

antenna structures. 
The development of radio has been so rapid that the 

wisdom of regulatory legislation has always seemed to 
be inadequate to the demands. When the present 
Federal Communications Commission succeeded the 
former Radio Commission, it no doubt appeared to be 
wise to give it leeway in some respects and to limit its 
powers in others, as covered in the Communications 
Act of 1934. However, the results upon the industry 
have not been uniformly satisfactory to the Commis-
sion, to legislators, to the public, or to the radio in-

dustry. 
One tendency manifested by regulation was to spec-

ify the internal aspects of station design and control, 
and the methods and equipment whereby the sought-
for external results, in the electrical field, should be 
obtained. To engineers it is evident that regulation of 
station performance should be altogether restricted to 
the specification of external performance of a station 
and that in no instance should tubes, transmitting 
arrangements or circuits, station apparatus, measuring 
equipment, or the like be rigidly specified. 
The Federal Communications Commission has a 

competent engineering division. Frequently we have 
wished that the Commission would heed the advice of 
its own engineers. We of the Institute of course recog-
nize that the regulation of radio must be based in part 
on considerations other than technical. But these other 
considerations are not fundamental; they change from 
day to day and are subject to adjustment and treat-
ment as occasion requires. On the other hand, technical 
requirements must always be met and never violated, 
or difficulty ensues—for technical requirements are 
based upon the laws of nature and cannot be disre-
garded with success. Consequently, we strongly feel 
that correct technical decisions are fundamental to any 

sound regulatory policy. 
Nature determines how far radio waves travel and 

how strong they will be when they get there, and no 
amount of political gerrymandering will give good serv-

, ice to listeners if nature's laws are violated. 
So much for our views of the situation. What should 

we do about it? Apparently the Institute will have to 
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do what everyone else is doing—go to Washington 
with its story. There we must make our collective voice 
heard in advocating the application of sound engineer-
ing principles, and, in the proper places and at ap-
propriate times, urge legislation and regulatory policies 
consistent with such principles. I believe our position 
should be, first, that the interest, convenience, and 
necessity of the public obviously are best served by 
adopting technically correct and economically sound 
bases for regulation, rather than by major considera-
tion of political situations, or of sectional and com-
mercial rivalries; second, that the interests of the pub-
lic and of radio engineers in the regulation of radio are 
identical, because of the fact that radio can continue 
to grow as a public service only so long as it serves the 
public well. 

To give effect to these things which I have described 
tonight, the Board of Directors of the Institute has 
arranged an opportunity for you to vote tomorrow 
morning, by Yes or No ballot, on the following ques-
tion: 

"Governmental public hearings affecting the radio 
industry are held from time to time. It has been 
several years since the Institute of Radio Engi-
neers has actively participated in such hearings. 
With respect to future hearings, do you favor the 
Institute's appearing for the purpose of presenting 
the engineering view on the subjects under con-
sideration?" 

I hope that there may be free discussion of this mat-
ter and a decisive vote. 
Hearings are now being held before the Senate Inter-

REGIONAL DIRECTORS PROPOSED IN 

Plan 
Members of the Institute will soon be asked to vote 

upon a series of amendments to the Institute Constitu-
tion. These create the new office of regional Director, 
and in addition include minor modifications that cor-
rect small imperfections in the present Constitution and 
make the new Executive Committee setup fully effec-
tive. 
The amendments relating to the regional Directors 

were approved by the Board of Directors at their 
April meeting, and are given in full in the report of 
that meeting appearing on page 138 of the March issue 
of the PROCEEDINGS. These provide for the establish-
ment of geographical areas, not to exceed eight in num-
ber, each of which shall have a regional Director nomi-
nated by petition from the region, elected by the voting 
members of the region, and holding office for two years. 
If the proposal for regional Directors is approved, it 

is anticipated, on the basis of discussion in the Board, 
that each regional Director would be charged with the 
responsibility of looking after the welfare of the Insti-
tute in his area. This would include: (1) representing 

state Commerce Committee which indicate that the 
Commission, Congress, and the industry are unhappy 
about something. Perhaps this is an indication that the 
Communications Act of 1934 is out of date and does 
not now meet the requirements of a greatly advanced 
radio art. As we all know, much progress has been 
made in all phases of radio in these past seven years 
and it is too frequently the case that legislation falls 
behind the rapid progress made in an industry which 
it was designed to regulate. For example, the Radio 
Act of 1927 became outmoded after seven years of ex-
perience, which condition was recognized by Congress 
when it passed the Communications Act of 1934. It is 
thought that herein lies the seat of the troubles that 
now beset the radio industry. The Institute believes 
that these difficulties could be eliminated to a large 
degree if Congress would recognize this fact and would 
consider the drafting of a neiv act. Perhaps this would 
lead to other hearings designed to obtain the views of 
all interested parties. At that time there should be 
present an opportunity for the Institute to assist in 
formulating such legislation as will encourage progress 
and assure improvement in the radio services of our 
Country. 

These matters which I have discussed represent the 
outstanding problems confronting radio engineers to-
day, and, the opportunities for service to their profes-
sion and to their country. We can take heart in facing 
the problems from the fact that the opportunities for 
service are so great and that the importance of our 
work is now becoming so widely recognized. I look 
forward to a future for our profession even brighter 
than its past. 

NEW CONSTITUTIONAL A MENDMENT 

his own constituency on the Board of Directors so that 
its views, suggestions, and criticisms could be effec-
tively presented to the governing body and to the 
officials of the Institute; (2) assisting and co-ordinating 
the activity of Sections and other Institute groups in 
the area for the purpose of strengthening the Institute; 
(3) keeping his own constituency properly informed 
about Institute policies; and (4) settling differences 
that arise between various groups of members in the 
area, or between members in the area and Institute 
headquarters. Each regional Director would be expected 
to submit a written report at the end of every year 
covering conditions in his area, changes that had taken 
place during the year, and suggestions for the future. 
The plan for regional Directors as submitted to the 

Board for consideration assumed that bylaws would 
be passed providing for two specially designated Board 
of Directors' meetings each year, preferably associated 
with Institute conventions, which the regional Direc-
tors would be expected to attend, and for which they 
would receive a traveling allowance approximating 
railroad fare plus Pullman. These meetings would have 
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an especially prepared agenda providing for broad dis-
cussion of Institute policies and problems. Regional 
Directors, as ex officio members of the Board, would in 
addition be entitled to attend other Board meetings 
(but without traveling allowance), and it is expected 
that a majority would be able to attend more than two 
Board meetings each year. 
The cost of bringing the regional Directors to New 

York twice a year would approximate $800 to $900 
on the basis of the actual cost of first-class railroad fare 
plus Pullman, assuming eight directors distributed in a 
reasonable manner over the United States and Canada. 
This is approximately 1.25 per cent of the total income 
of the Institute for 1941. 
The constitutional amendments providing for re-

gional Directors were discussed at considerable length 
by the Board, and while they have the approval of a 
large majority of that body, there were several who 
doubted the wisdom of making such an innovation. 
Accordingly, the Board has arranged for the prepara-
tion of arguments pro and con, which are given below. 
Every voting member of the Institute should study 
these arguments carefully, decide upon what appears 
to be the proper policy for the Institute to follow, and 
then return his marked ballot promptly after it arrives. 

FREDERICK EMMONS TERMAN, President 

Discussion 

The regional Director plan is the first concrete pro-
posal which gives promise of solving the difficulty 
which has heretofore beset the Board of Directors, in 
securing adequate representation of the Institute's 
widespread membership. With the advance of time, it 
has become increasingly difficult to secure exact and 
prompt information on the views of the more distant 
parts of the membership, as well as to acquaint the 
membership with the problems and activities of the 
Board. The regional Director plan provides these 
needed contacts. Discussion of methods for securing 
regional representation has occurred in the Board 
from time to time but none of the suggestions made has 
resulted in any method as effective as this plan, par-
ticularly from the standpoint of securing a widespread 
geographical representation. 
Adequate representation of any certain section of 

the country requires very specific allocations of duties 
and responsibilities to that end. It is obvious that a 
Director who resides in Massachusetts, for example, 
cannot be familiar with the views and problems in 
Illinois; therefore, Directors at large do not provide the 
needed intimate two-way communication channel. The 
regional Director plan meets this need by insuring 
wider participation in the management of the Institute 
and better contacts between its members and the 
governing body. In the last fifteen years there has been 
only one Director (who served for one year) who lived 
farther than 300 miles airline from New York City 
at the time of election. The plan for regional Direc-

tors will do much to remedy this unhealthy situation. 
The plan for regional Directors provides against the 

natural condition that useful work does not get ac-
complished unless somebody has definite responsibility 
therefor. As the Institute is now organized, there is no 
one on the governing body who has a definite respon-
sibility for seeing that the Institute functions properly 
in any particular area. The Board of Directors needs a 
specialist from each area of the Institute, who will be 
responsible for the welfare of the Institute in that area, 
who will keep the Board informed as to the problems of 
the area, and who will serve as a combined good-will 
ambassador, trouble-shooter, co-ordinator of regional 
activities, and promoter for the Institute. 
Regional participation in the management of a 

technical society is neither new nor radical, and is used 
successfully by other engineering and scientific soci-
eties, both large and small. Some of these organiza-
tions consider such representation sufficiently impor-
tant to expend large sums of money for this purpose. 
The cost of the plan as proposed is small, about $100 

per region per year which would cover first-class rail-
road tickets plus Pullman accommodations for two 
meetings a year. Inasmuch as the cost will be limited 
to the figure established by the bylaws which will im-
plement the plan as it is set up, expenditures for this 
purpose can never be increased except by changes in the 
bylaws which require a two thirds vote of the Board. 
The plan requires regional Directors to attend at 

least two meetings per year. Therefore, the objects of 
the plan are certain to be accomplished. It is true 
that other Directors need not conform. to such a re-
quirement, but experience has shown that Directors 
living near New York City do not require constitu-
tional compulsion or financial assistance to assure fre-
quent attendance at meetings. The provision of these 
two specified meetings per year permits preparation in 
advance for presentation and discussion of matters of 
wide and basic interest or which otherwise might not 
come to the attention of the Board in the absence of 
regional representation. 
The regional Director plan will remove the lack of 

close contact with headquarters, which lack was dis-
closed by the reports of two of our Presidents who 
recently made national tours among our various Sec-
tions, and will ensure continuous and efficient contact. 
The regional Director plan is workable, practical, 

and effective. It provides contact between individual 
members and the management of the Institute through 
local representatives of their own choosing, and it 
brings to the management specialists familiar with the 
individual regions. It places in a definite and workable 
way responsibility for the proper functioning of the 
Institute in each individual area. These things are all 
desirable, and are now lacking. 

C. M. JANSKY, JR. 
HARADEN PRATT 
A. F. VAN DYCK 
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Regional Directors are proposed as a method of ob-
taining closer relations between the membership and 
the Board of Directors, the prime requirement being a 
better interchange of knowledge. If there is a need for 
this, the effectiveness and cost of any plan should be 
examined and compared with other ways of doing the 
job. We believe that regional Directors will provide 
neither the most effective answer nor even the best 
answer in relation to its cost and submit the following 
information and suggestions. 

MANAGEMENT OF THE INSTITUTE. Since the founding 
of the Institute, the Board of Directors has grown 
from nine to twenty-one members. Regional Directors 
would raise this number to a possible twenty-nine. It 

has already been recognized that twenty-one members 
are too many and, recently, the detailed management 
of the Institute has been delegated to an Executive 
Committee of seven Board members. Even with the 
Executive Committee, the Board will continue to meet 
ten or more times yearly to direct the business of the 
Institute. 

However, with a large Board, and one having a 
quarter of its members able to attend only a couple of 
meetings each year, it will be a logical step to put all 
Directors on the same basis by holding only a few 
meetings to each of which the expenses of all Board 
members will be paid. This offers the additional in-
centive of a still broader geographical distribution of 
the Board membership. While such a system has an 
attractive appearance, it would permit a majority of a 
small Executive Committee to run the organization 
with impunity as all Board members will be responsible 
for their acts. The membership cannot protect itself 

of ihe I.R.E. 

against such a system even with the power of the ballot. 
COST OF REGIONAL DIRECTORS. The accompanying 

map shows the number of members in each state at 
the end of 1940. Eight regions have been outlined to 
represent one possible arrangement, no official action 
in the matter having been taken. It may be assumed, 
for purposes of computing costs, that the regional 
Director will come from the largest section in each 
region. The following table gives data on the number of 
members in each region, the city from which the Dir-
rector will travel, its distance from New York City, 
and the cost at 8f cents per mile, one way, which figure 
has been used in Board discussions as representative 
of what a similar organization allows. 

Region  Members 

Western 
North Central 
South Central 
Great Lakes 
Pa.-N. J. 
New York 
New England 
South Atlantic 

674 
514 
201 
478 
950 
1003 
350 
456 

4626 

Director's City 

Los Angeles 
Chicago 
Dallas 
Detroit 
Philadelphia 
New York City 
Boston 
Washington, D. C. 

Miles from 
New York 
City  8.5 0/mik 

3111  $264.44 
909  77.27 
1739  147.82 
648  55.08 
92  7.82 

232  19.72 
227  19.30 

6958  $591.45 

The proposal assumes attendance at two meetings each 
year so a total expenditure of about $1200 will be re-
quired. 

WHAT $1200 BUYS. For $1200 per year, a number of 
things might be purchased, or, conversely, might have 
to be given up if additional funds are not available. 
Some of these things are: 

a) About 60 PROCEEDINGS pages, equivalent roughly 
to one issue, or 



b) Two major standards reports, or 
c) Thirty per cent of the rebates paid to sections for 
their operation, or 

d) A visit by the President and one other officer each 
year to sections in the United States and Canada, 

or 
e) One clerical worker. The Secretary's staff has 
been undermanned for several years and still 
lacks at least two executive and two clerical 
workers. 

ALTERNATE PROPOSAL. At the end of 1940 there 
were 20 Sections in the United States and 2435 of our 
4626 domestic members (53 per cent) were located in 
them. In New York City and its immediate environs 
there were about 1275 members (27 per cent) who pre-
sumably are adequately represented at the present 
time. These 20 Sections and New York account for 
80 per cent of the United States membership. At the 
end of 1940, 46 per cent of the domestic membership 
was located in New York or in Sections in which mem-
bers of the Board of Directors resided. 
A mechanism designed to utilize the existing Section 

structure could readily be established at practically no 
cost. The Executive Committee of a Section un-
doubtedly knows more about the problems of the mem-

Contributors 

bers of a Section and can be more effective in distribut-
ing information to them than any single Director 
charged with caring for a territory comprising thous-
sands of square miles and which includes from two to 
four Sections. 
For many years, the Sections Committee has met 

annually at conventions to discuss purely Section 
problems. About half of the Sections are represented at 
these meetings. Such meetings, attended also by the 
Board of Directors, could be held at each of our two 
yearly conventions to discuss all Institute matters and 
thus provide effective participation by the Sections in 
the management of the Institute. 
YOUR INSTITUTE AND YOUR MONEY. This is your 

Institute and your money. If you feel that you need 
this proposed additional representation and that it will 
improve the management of the Institute, it is your 
duty to vote for it. If, on the other hand, you think 
the existing form of management has provided reason-
able and adequate government, or that the alternate 
Section method of broadening the views of the Board 
would be successful, perhaps you would prefer some of 
the other things that your money will buy. 

AUSTIN BAILEY 
H. M. TURNER 
H. P. WESTMAN 

Murray G. Crosby (A'25—M'38) was 
born at Elroy, Wisconsin, on September 
17, 1903. He attended the University of 
Wisconsin from 1921 to 1925, and received 
the B.S. degree in electrical engineering in 
1927. From 1925 to 1927 he was with the 
Radio Corporation of America, and from 

M. G. CROSBY 

A. W. MELLOH 

1927 to date he has been with R.C.A. Corn 
munications, Inc. 

Arthur W. Melloh (A'33) was born at 
Wrenshall, Minnesota, on December 8, 
1907. In 1932 he received the B.E.E. de-
gree from the University of Minnesota 

and from 1932 to 1933 he was engineer at 
XENT, Nuevo Laredo, Mexico. From 
1934 to 1935 he was an instructor at the 
Dodge Radio Institute and in 1936 Mr. 
Melloh returned to the University of 
Minnesota from which he received the 
M.S. degree in electrical engineering in 

M. E. STR1EBY 
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1937 and the Ph.D. degree in 1940. From 
1937 to 1940 he was an instructor in the 
department of electrical engineering at the 
University of Minnesota and since 1940 
has been with the Associated Electric 
Laboratories, Chicago, Illinois. He is a 
member of Sigma Xi and an associate 
member of the American Institute of 
Electrical Engineers. 

M. E. Strieby (M'31) was born in 1893 
in Colorado Springs, Colorado. He received 
the degrees of bachelor of arts in 1914 
from Colorado College, bachelor of science 
in 1916 from Harvard University, and 
bachelor of science in electrical engineer-
ing in 1916 from the Massachusetts In-
stitute of Technology. During the year 
following his graduation from the Massa-
chusetts Institute of Technology he was 
employed as an engineer for the New York 
Telephone Company, and during 1917-
1919 he served as captain in the Signal 

W. 0. SWINYARD 

Corps of the United States Army, Ameri-
can Expeditionary Forces. Mr. Strieby 
was employed by the American Telephone 
and Telegraph Company, in 1919, and be-
came engaged in research on the trans-
mission features of telephone repeaters and 
associated equipment. In 1929 he was 
transferred to the technical staff of the 
Bell Telephone Laboratories where he was 
occupied with studies of new high-fre-
quency carrier apparatus and technique. 
In particular he was responsible, as car-
rier transmission research engineer, for the 
development of coaxial cable systems. 
Studies of means for the transmission of 
television over such systems and over 
shorter wire lines in cities were also under 
his supervision. In December, 1940, Mr. 
Strieby was transferred to the American 
Telephone and Telegraph Company to 
become engineer of transmission for the 
Long Lines department. He is a Fellow of 
the American Institute of Electrical Engi-
neers. 

• 

William 0. Swinyard (A'37—M'39) was 
born July 17, 1904, at Logan, Utah. He 
received the B.S. degree in physics from 
the Utah State Agricultural College in 
1927 and was an instructor in mathe-
matics there in the summer of 1927. From 
1927 to 1930 he was an instructor in physics, 

C. L. WEIS 

mathematics, and music in secondary 
schools in southern Idaho. After gradua-
tion from the RCA Institutes in 1930, 
he was employed in the Bayside labora-
tory of the Hazeltine Service Corpora-
tion. In 1934 he was transferred to the 
New York laboratory. He enrolled in the 
graduate school of Columbia University 
in 1934 and during the following two years 
pursued evening courses in vacuum tubes 
and communications networks. Since 1937 
he has been an engineer in the Chicago 
laboratory of the Hazeltine Service Cor-
poration. He is a member of the Radio 
Club of America, the Acoustical Society of 
America, and the Illinois Professional Com-
munications Engineers Association. 

C. L. Weis (A'39) was born January 17, 
1901 at La Crosse, Wisconsin. He received 
the B.S. degree in electrical engineering 
from the Massachusetts Institute of Tech-
nology in 1922. He joined the engineering 
department of the Western Electric Com-
pany upon graduation. Mr. Weis is now 
with the Bell Telephone Laboratories en-
gaged in development work on television 
apparatus and systems for use over wire 
lines of the American Telephone and Tele-
graph Company. During the past few years 
his work has been specifically the applica-
tion of such circuits to broad-band cables 
of the coaxial type. He has supervised all 
the long-distance television transmissions 

E. S. WINLUND 

over coaxial cables which have been made 
in this country. 

E. S. Winlund was born in Oakland, 
California, in November, 1912. He was 
graduated from the University of Cali-
fornia with the B.S. degree in electrical 
engineering communications in 1936, and 
then entered Massachusetts Institute of 
Technology as a graduate student co-
operative with the General Electric Com-
pany. In January, 1937, he entered the 
regular "Test" course in Schenectady 
where his assignments included govern-
ment radio transmitters, thyratrons, mo-
tors and generators, industrial control, 
publicity department, and television tube 
development. In January, 1939, Mr. Win-
lund joined the broadcast transmitter 
engineering staff of the RCA Manufactur-
ing Company at Camden, specializing in 
frequency-modulation development and 
design. In December, 1940, he transferred 

S. K. WOLF 

to the broadcast transmitter sales division 
in the Camden office. 

Sidney Kellum Wolf (A'40), was born 
at Baton Rouge, Louitiana, on August 29, 
1901. He received the B.A. degree from 
Saint Stanislaus College; the B.S. degree 
from Louisiana State University in 1923; 
and the M.S. degree from the Sheffield 
Scientific School, Yale University, in 1926. 
From 1922 to 1923 Mr. Wolf was an en-
gineer with the Westinghouse Electric and 
Manufacturing Company in Pittsburgh; 
1923 to 1928 an instructor at Sheffield 
Scientific School, Yale University; 1928 to 
1938, director of acoustic engineering at 
Electrical Research Products, Inc., New 
York City; 1937 to 1938, district manager 
of Erpi Picture Consultants, Inc. Since 
1938, Mr. Wolf has been president of 
Acoustic Consultants, Inc., and New York 
representative of The Brush Development 
Company since 1939. He was an American 
representative at the International Elec-
trical Congress, Paris, 1932, and repre-
sentative of the American Standards As-
sociation at the International Standards As-
sociation Congress, Budapest, 1937. He isa 
director of Wolf's Bakery, Inc., and a dir-
ector of the Edison Foundation. Mr. Wolf is 
a member of Tau Beta Pi, and Theta Xi. 



FILTER and BY-PASS 

FILTER C° 

640 
4.c W.V. 

Od-pled 
CAPACITORS 

• For filtering and by-passing functions, AEROVOX 
offers both Hyvol and mineral oil capacitors, as well 
as wax-impregnated wax-filled capacitors, in a wide 
choice of casings, mountings, terminals. And AERO-
VOX stresses its Hyvol capacitors particularly for use 
in equipment subject to sub-zero operating conditions. 
Such capacitors are considerably more stable with 
temperature variations than are those using synthetic 
oils. Hyvol capacitors show no appreciable drop in 
capacity until temperatures of —20° F. (-29° C.) are 
reached. At —40° F. (-40° C.) the maximum capac-
ity drop that can be expected is of the order of 5 to 

. Specify Hyvol, therefore, when dealing with a 
wide range of temperatures. 

RECTANGULAR-CAN SERIES 16 & 18 
Designed for aircraft and marine radio assemblies where most efficient 
use of space and minimum weight are essential. Oil-impregnated sections 
in rectangular corrosion-proof metal containers filled with oil and hermetic-
ally sealed by soldering. Special immersion-proof terminals. With top 
terminals (Series —16) and bottom terminals (Series —18). Standard 
ratings: 200, 400, 600 and 1000 v. D.C. W. .01 to 1.0 mfd. Also 
double and triple sections. 

DRAWN-CASE SERIES 30 
Non-inductive oil-impregnated paper section encased in one-piece drawn 
metal case with soldered bottom plate for hermetic sealing. Terminals 
of double rubber bakelite for absolutely immersion-proof terminal as-
sembly. Terminals normally on side of case, but can be placed on both 
sides, on top or on bottom. Standard ratings: 200, 400 and 600 v. 
D.C. W. .05 to 2.0 mfd. Also double and triple sections. 

ROUND-CASE SERIES 40 
Aluminum-can unit. Molded bakelite top. Soldering lug terminals riveted 
to studs molded in cap. Immersion proof. Mounting ring furnished. 
Standaccl ratings: 200, 400 and 600 v. D.C. W. Capacities of .05  to 2.0 
mid. Also double and triple sections. 

Ask for 
Copy . . . 

Send Your 
Problem . 

• If you are engaged in designing, building or maintaining com-
mercial radio or electronic equipment, write on business letter-
head for copy of Transmitting Capacitor Catalog. Otherwise ask 
our local jobber for latest radio catalog. Send your capacitance 
problem for our engineering aid. 
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ye DECADE w AMPLIFIER 
MODEL 220 

A highly stable amplifier 
giving gains of exactly 10 
and 100 times. Operated 
by self-contained batteries. 
Through the use of special 
circuits the gain is inde-
pendent of battery voltage, 
circuit constants and tubes 
within 2c4 from 10 to 
100,000 cycles. Particularly 
useful with our Model 300 
Electronic Voltmeter to 
increase its sensitivity, 
permitting voltage meas-
urements down to 30 micro-
volts. Send for Bulletin 7. 

SENSITIVE ELECTRONIC 

AC VOLTMETER 

MODEL 300 

10 to 150,000 cycles. 

1 millivolt to 100 volts in five 
ranges (to 1,000 and 10.000 
volts with multipliers). 

Logarithmic voltage scale. 

AC operation, 115 volts, 60 
cycles. 

Accurate and stable cal-
ibration. 

liallanline Laboratories. Inc. 
BOONTON  NEW JERSEY 

Booklets, Catalogs 
and Pamphlets 

The following commercial literature has 
been received by the Institute. 

CERAMICS • • • American Lava Corpora-
tion,  Testing Laboratory,  Chattanooga, 
Tennessee. Engineering Data and Property 
Chart No. 416, 2 pages, 111X21 inches. 
A tabular and graphical summary of the 
electrical and mechanical properties of the 
principal bodies manufactured by this 
company. 

POWER  SUPPLIES • • • Standard  Trans-
former Corporation, Chicago, Illinois. Cat-
alog 109-D, 12 pages, 81X 11 inches. Speci-
fications on power packs 'for all power 
change purposes." 

RESISTORS • • Ohmite i Manufacturing Com-
pany, 4835 West Flournoy Street, Chicago, 
Illinois. Catalog Number 17, 12 pages, 81 X 
11 inches. Fixed and adjustable resistors, 
principally of the vitreous-enamel type. 

MICROPHONES • • • American Microphone 
Company, Ltd., 1915 South Western Avenue, 
Los Angeles, California. Catalog No. 37, 8 
pages, 84X11 inches. Crystal and dynamic 
microphones. 

LOUD SPEAKERS • • • Jensen Radio Manu-
facturing Company, 8601 South Laramie 
Avenue, Chicago, Illinois. Condensed Cata-
log No. 125, 8 pages, 81 X 11 inches. Speak-
ers, reproducers, and projectors. 

SHIELDED  CONDUCTORS' • • American 
Steel and Wire Company, Cleveland, Ohio. 
Bulletin, 12 pages +cover, 81)(11 inches. 
De.4  1,,,wer cables 'insulated" with a 

layer of semi-conducting rubber for shield-
ing purposes. 

'RELAYS • • • Standard Electrical Products 
Company, 417 First Avenue, Minneapolis, 
Minnesota. Catalog 641, 4 pages, 81X 1 1 
inches. Relays of several types for applica-
tion in communications equipment. 

INSTRUMENTS • • • Triplett Electrical In-
strument Company, Bluffton, Ohio. Catalog 
A, 12 pages, 81 X 11 inches. Electrical and 
mechanical specifications on panel-mount-
ing electrical indicating instruments. 

COMPONENTS • • • American Phenolic Cor-
poration, Chicago (Cicero Post Office), Illi-
nois. Catalog No. 65, 42 pages, 81x 11  
inches. A listing of cable connectors, sock-
ets, coaxial cables, and polystyrene insulat-
ing material. 

BRIDGES • • • General Radio Company, 30 
State Street,  Cambridge,  Massachusetts. 
"The General Radio Experimenter," July, 
1941, 8 pages, 6X9 inches. Gives instruc-
tions, with a discussion of the accuracies to 
be expected, for bridges made up of in-
dividual laboratory-type components. 

AIRCRAFT DYNAMOTORS • • • Pioneer Gen-
E- Motor, Chicago, Illinois. Catalog 16 pages 
+cover, 80(11 inches. Description and 
operating data on dynamotor-type power 
supplies for communication installation on 
aircraft. 

CAPACITORS • • • Aerovox Corporation, New 
Bedford, Mass. The Aerovox research 
worker, March 1941 and April 1941 4 pages 
81X 1 1 inches. These two issues contain, 
respectively, articles on "Fixed Condensers 
in Radio Transmitters" and "R. F. Power 
Amplifier Operation." 

(Continued on page iv) 

DRILLS—GRINDS—SANDS 
SA WS—POLISHES 
SHARPENS—CARVES 

The new W HIZ ELECTRIC TOOL Ia 
the handiest power tool ever made. A 
rugged tool for power and precision work. Drills through 

Y  inch iron plate in 42 seconds or engraves intricate de-
signs. Handles any material: Metals — Woods —Alloys— 

Plastics— Glass —Steel —etc. Saves time. Eliminates labor. 
Plug into any socket AC or DC, 110 volts. Chuck Yi inch 
capacity. Ball bearing thrust. Powerful, triple-geared motor. 
STANDARD MODEL, with Normal Speed (uses 200 dif-
ferent accessories, instantly interchangeable). Price only 
$7.95. 

The only DRILL-TOOL with a full year's guarantee.  

FREE Accessory outfit (Value $2) includes set of drills, mounted 
11/2 inch grinder, sanding discs, cutting wheels, mounted 

brush, polishing wheel, carving burr, etc. FREE with each tool ordered 
NO W. We pay postage. 

10 Day Trial —Money Back Guarantee 

PARAMOUNT PRODUCTS CO. 
DEPT. 8 REN  545 FIFTH AVENUE  NEW YORK, N.Y. 
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BUILDING FOR DEFENSE 

The Bell System is putting in about 400 

million dollars' worth of new equipment this 

year... . The busier this country gets with produc-

tion and defense, the more everybody telephones. 

Our #1 job is to do our best to keep pace 

with the needs of the Nation in this emergency. 

BELL TELEPHONE SYSTEM 

"The Telephone hour" is broadcast every Monday. (N. B. C. Red Network, II P. M., Eastern Daylight Saving Time.) 

Proceedongs of the I. 14  July, 1911 



• uggecf, precise, reliable . 
input and output impedances 

independently adjustable. 

0 Ideally suited to F.M. — 

Studio and other wide range 

sound system measurements. 

ATTENUATION NETWORKS 
SERIES 690 AND 692 

for Transmission-Efficiency, Power- Level Measurements, Impedance 
Adjustments, Gain or Loss Measurements on Amplifiers. Filters, Pads 

The Series 690 network consists of plug-in input and output adjusting 

networks, and a Units and Tens attenuation controls. 

The Series 692 network is essentially the same as the 690 with the 

exception that a Tenths, a Units and a Tens attenuation controls are 

provided. Both types, 690 and 692, are offered in either "T" or "Balanced 
H" networks. 

The attenuation controls are constant impedence, zero insertion loss networks each 
having 10 steps of attenuation. The Daven Series 6900 Impedance Matching Networks 
("plug-in" units) may be obtained in a wide range of impedance and loss. 

TYPE 

T-690-A  SOO 
H-690-8  500 
T-690-C  600 
H-690-D  600 
T-692  500 
H-692  500 
T-693  600 
H-693  600 

RANGE 

0-110 Db. in step of 1 Db. 
0-I 10 Db, in step of 1 Db. 
0-110 Db. in step of 1 Db. 
0-110 Db. in step of 1 Db. 
0-Ill Db. in steps of 0.1 Db. 
0-Ill Db. in steps of 0.1 Db. 
0- 11 Db. in steps of 0.1 Db. 
0-Ill Db. in steps of 0.1 Db. 

CIRCUIT 

"T" Network 
Balanced "H' Network 
"T" Network 
Balanced "H" Network 
"T" Network 
Balanced "H" Network 
"T" Network 
Balanced ''H" Network 

PRICE 

$60 
80 
60 
80 
80 
100 
80 
100 

Supplied complete with one set of 6900 networks. Unless otherwise specified, these 
will be 500 ohms or 600 ohms, zero loss networks. Base impedances other than 500 
ohms or 600 ohms available upon request. 

THE DAVEN COMPANY 
158 SUMMIT STREET  • NE WARK, NE W JERSEY 

iv 

(Continued from page ii) 

BOOKS • • • John Wiley and Sons, Inc., 440 
Fourth Avenue, New York, New York. 
Catalog, 32 pages plus cover, 64x91 inches. 
A list of this publisher's technical books of 
interest to personnel engaged on the na-
tional defense program. Includes several of 
interest to engineers. 

FUSES • • • Littelfuse Incorporated, 4757 
Ravenswood Ave, Chicago, Illinois. Bulle-
tin, 4 pages, 84 XII inches. Specifications 
on small fuses, fuse panels, and mercury 
switches. Particular emphasis on aircraft 
applications. 

HOME-STUDY COURSE • • • Smith Practical 
Radio Institute, 1311 Terminal Tower, 
Cleveland, Ohio. Information booklet, 32 
pages +cover 34 X6 inches. A description of 
a home-study course in radio and com-
munications engineering. 

TUBE DATA, (RCA) • • • RCA Manufac-
turing Company, Inc., Harrison, N. J. 
Application Note No. 114, 2 pages, 81X 11 
inches. "Use of Cushioned Sockets in Small 
Receivers." Application Note No. 115, 7 
pages, 81X11 inches. "A Discussion of 
Noise in Portable Receivers." Application 
Note No. 116, 6 pages, 81X11 inches. 
"Properties of Untuned R-F Amplifier 
Stages." 

TUBE  DATA  (Ken-Rad) • • • Ken-Rad 
Tube & Lamp Corporation, Owensboro, Ky. 
Data bulletin, 16 pages-Fcover, 81)(11 
inches. A bulletin giving "Essential Char-
acteristics on Metal and Glass Radio 
Tubes." 

VIBRATION ISOLATION • • • Lord Manufac-
fathering Company, Erie, Pennsylvania. 
Chart, 4 pages, 80(11 inches. This chart 
shows the percentage of vibration isolation 
it is possible to obtain with the bonded 
rubber mountings manufactured by this 
company. 

Current Literature 

New books of interest to engi-
neers in radio and allied fields— 
from the publishers' announcements. 
A copy of each book marked with 

an asterisk (•) has been submitted 
to the Editors for possible review 
in a future issue of the Proceedings 
of the I.R.E. 

* ALIGNING PHILCO RECEIVERS (Vol-
ume II). BY JoHN F. RIDER. New York: 
John F. Rider Publisher, Inc., June, 1941. 
xv +192 pages, illustrated, 5X74 inches, 
cloth. $1.60. 

PHYSIK UND TECHNIK DES TON-
FILms (Physics and Engineering of Sound 
Motion Pictures). BY HUGO LICHTE and 
ALBERT NARATH, Lecturer at the Tech-
nische Hochschule, Berlin. Leipzig: Ver-
lag Von S. Hirzel, 1941. viii-I-371+11 
index pages, illustrated, 7X10 inches, 
paper. rm. 26. 
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POSITIONS 
OPEN 

The following positions of interest to I.R.E. 
members have been reported as open on 
August 8. Make your application in writ-
ing and address to the company men• 
tioned or to 

Box No.   

PROCEEDINGS of the I.R.E. 
330 West 42nd Street, New York, N.Y. 

Please be sure that the envelope 

carries your name and address 

AIR CORPS INSTRUCTORS 
Competitive examinations are being con-

ducted by the U. S. Civil Service Com-
mission for Assistant Instructors, Junior 
Instructors, and Student Instructors in 
the Air Corps Technical Schools. Radio 
engineering and radio operating are among 
the optional branches of specialization. 
Salaries offered are $2600, $2000, and 

$1620 per year, respectively. Applicants 
must have completed a high-school course 
or the equivalent and must have had cer-
tain specified amounts of experience against 
which specialized college training may be 
offered. 
For full details consult the Commission's 

announcement 7-120 and a recently issued 
amendment. These can be obtained from 
the Secretary, Board of U. S. Civil Service 
Examiners, Chanute Field, Rantoul, Illi-
nois; from the Commission in Washington. 
D.C.; or at any first- or second-class post 
office. 

DEVELOPMENT ENGINEERS 

The  RCA  License  Laboratory,  New 
York, has positions open for senior radio 
engineers having qualifications for de-
velopment and consultation work. Good 
technical education, experience of 5 to to 
years, and U. S. citizenship required. In-
teresting work, broadening experience, and 
wide contacts. Write fully to Nlanarier, 
RCA Laboratory, 71: Fifth Avenue, New 
York, N.Y. 

PROCUREMENT INSPECTOR 
The United States Civil Service Com-

mission is announcing examinations for 
several grades of procurement inspector 
for the material division of the Air Corps, 
of the War Department. Salaries range 
from $1,620 a year for junior procurement 
inspector to $2,600 a year for senior pro• 
curement inspector. 
Certain education and experience re-

quirements must be met. In the radio 
branch, one of the eleven optional branches 
of specialization, experience must have 
been acquired on commercial radio-com-
munications equipment. 
For additional information and appli-

cation forms write to the Secretary, Board 
of United States Civil Service Examiners, 
Wright Field—Fairfield Air Depot, Wright 
Field, Dayton, Ohio, or the Secretary, 
Board of United States Civil Service Ex-
aminers at any first- or second-class post 
office. 

/ 4E  

Attention Employers . . . 
Announcements for "Positions Open" are 
accepted without charge from employers 
offering salaried employment of engineer-
ing grade to I.R.E. members. Please sup-
ply complete information and indicate 
which details should be treated as ronfi• 
dential. Address: "POSITIONS OPEN," 
Institute of Radio Engineers, 330 West 
42nd Street, New York, N.Y. 

The Institute reserves the right to refuse any 
announcement without giving • reason for 

the refusal 

BLILEY ELECTRIC COMPANY 

Bliley Quartz Crystals 
and  Mountings  are 
precision-made for all 
frequencies  between 
20Kc. and 30Mc. Cat-
alogue G-I2 describes 
the  complete  line. 

UNION STATION BUILDING ERIE, PA. 

TcJ "/NAMSTRAI AND 
LIAORATORY TERMS' 

"Precision" manufactured to "Precision" standards of accuracy, work manship 
and materials to give lasting satisfaction under the most exacting 

conditions of service. 

NEW SERIES 834 31 RA N G E AC-D C 
COMPACT CIRCUIT TESTER 

6000 Volts • 600MA • 5 Megohms • 70 DB 
6 AC-6 DC-6 output voltage ranges to 6000 volts • 4 current ranges 
to 600 MA • 3 self-contained resistance ranges to S megs • 6 DB 
ranges to -4 70 DB • All 1% multipliers and wire wound bobbins • 
Size 7" x 41/2 - x 3" overall. 

An incomparable value at only $19.95 net 

SERIES 1356-.1* 

20,000 ohms per volt Super-Sensitive 
Industrial Circuit Tester—provides 
complete AC and DC circuit analy-
sis to 6000 volts AC and DC • 70 
DB • 60 AMPS. A.C. • 12 AMPS 
D.C. • 60 Megs • Complete with 
battery and test leads  09.95 net 

WRITE FOR "PRECISION" CATALOG 42-1 describing more than 40 radio and electrical test equipment 
models . . . Tube Testers, Combination Tube and Set Testers, AC-DC Multi-range Testers, Vacuum Tube 
Multi-Range Tester , Signal Gene ators, Industrial Circuit Te tens, etc. 

NUBIA ENI 
INDUSTRIAL  • LABORATORY • RADIO •TELEVISION 
PRECISI ON APPARATUS CO MPANY • 647 KENT AVENUE • BROOKLYN, N.Y. 

Export Division: 458 Broadway, New York City, U.S.A. Cable Address: Morhanex 
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DC VOLTS . . . 0-2-5-10-50-250-1000-5000 at 10,000 
Ohms per Volt.  AC VOLTS .  0-2.5-10-50-250-1000-

5000 at 1,000 Ohms per Volt.  DIRECT CURRENT 
0-100 Microamperes; 0.1-10-100 Milliamperes; 0-1-10 
Amperes.  RESISTANCE . . . 0-400 Ohms (shunt 

type circuit); 0-40,000 Ohms and 0-4 Megohms (series 
type circuit). Self-contained batteries for all resist-
ance ranges. Model 625-T, Complete with All Acces-
sories . . . 

Dealer Net $22.00 

TRIPLETT ELECTRICAL INSTRUMENT CO. 

Bluffton, Ohio 

WIDE RANGE 
PORTABLE 
VOLT-OHM-
AMMETER 

MODEL 625-T 
Dealer Net   $22.00 

Complete Insulation for high voltage testing . . . 
RED  • DOT  Lifetime  Guaranteed  Instrument 
. . . Cartridge-Loading Battery Compartment . . . 
Knob Operated Zero Adjustment for Ohms Ranges. 

Model 1632 

the test field. Dealer Net 

A complete 
Wide Range 
Signal Gen-
erator . . . 
Continuous 
Coverage 
100 KC to 
1 2 0 M C 
with accu-
racy  and 
stability be-
yond  any-
thing  here-
tofore de-
manded  in 

  $87.81 
Write fcr Catalog_ 

Section 217 Harmon Ave. 

TERMINAL FILLS MY ORDERS! 

NOW, MORE THAN EVER, I RELY ON TERMINAL. 
THEY'VE ALWAYS GOT THE RADIO PARTS I NEED 
IN STOCK-THAT MEANS PROMPT DELIVERIES FOR 
US- MAKES alt.. MY JOB SO MUCH EASIER! 

WHY DON'T YOU TRY TERMINAL? 

And that's not all! Ra-
dio  engineers  prefer 
Terminal's service be-
cause they are dealing 
with men like them-
selves —experienced ra-
diomen who can offer 
valuable assistance in 
choosing and obtain-
ing their exact needs. 
Come to Terminal for 
complete satisfaction. 

TERMINAL RADIO CORP. 
2 Sizviel irt /Veto qloizh ea, 

68 WEST 45th STREET • 80 CORTLANDT STREET 

Phasle • V A otd.eiziLiii 6-5050 

INDEX 

Booklets, Catalogs & Plrnphlvts 

Current Literature 

Positions Open 

DISPLAY ADVERTISERS 

A 
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American Lava Corporation  vii 

American Telephone & Telegraph Company iii 

Amperes Electronic Products, Inc. . Cover It 

Ballantine Laboratories, Inc. 

Bliley Electric Company 

Cornell-Dubilier Electric Corporation 

Cover III 
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Eitel-McCullough, Inc.  viii 

General Radio Company Cover IV 

Paramount Products Company  ii 

Precision Apparatus Company  . V 

Terminal Radio Corporation  vi 

Triplett Electrical Instrument Company . vi 
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EVERY man who uses electrical insulat-
ing materials, chemical ceramics—in fact 
any ceramic parts for technical applica-
tions, and every research laboratory will 
find this Property Chart of value. It 
will be sent free on request. 

The chart contains exact data on the physical 
properties of the most frequently used ceramic 
compositions of the American Lava Corpora-
tion. It gives the predominant physical char-
acteristics such as: specific gravity, density, 
volume, water absorption, chemical resistance, 
color, softening temperature, resistance to heat 
(safe limit for constant temperature), hard-
ness, linear co-efficient of thermal expansion, 
tensile strength, compressive strength, modulus 

Exactly file size, to fit 
in cabinet or desk file. 

All engineering data can 
be seen thru desk glass. 

1/141 Va./Asa/Ale 
ENGINEERING  DATA 

AND PROPERTY CHART 

q#4444 cut ae vteA P 

of rupture, resistance to impact, thermal con-
ductivity, dielectric strength, volume resistivity 
at various temperatures, Te values, dielectric 
constant, power factor, loss factor and capacity 
change per °C between 20-80° C. The chart 
also contains graphs which give valuable infor-
mation on physical characteristics which are 
difficult to reduce to figures, such as linear 
thermal expansion, dielectric strength and 
volume resistivity at varying temperature. 

This chart is strictly an engineering tool. All 
data have been carefully compiled and checked 
over a long period of time. 

The chart portrays most forcibly an 
outstanding advantage of ALSIMAG. In 
using ALSIMAG the engineer is not 
limited to one or two ceramic materials. 
ALSIMAG offers a wide variety of cera-
mic compositions of controlled and defi-
nitely determined physical characteristics 
for your application. ALSIMAG is eco-
nomically custom made into size, shape 
and form indicated by your requirements. 

Hangs on the wall of 
engineering department. 

 Please address requests for Property Chart to: 
TESTING LABORATORY, AMERICAN LAVA CORPORATION, CHATTANOOGA, TENNESSEE 

AMERICAN LAVA CORPORATION • CHATTANOOGA • TENNESSEE 
chichco • CLEVELAND • NEW YORK • ST LOUIS • LOS ANGELES • SAN FRANCISCO • BOSTON • PHILADELPHIA • WASHINGTON D C 
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(,)111 sEiiiiao Tubes 
EI MAC 250T 
necommo dfd for 

750 10 500 W'St 
station 

EI MAC 450T 
RI ko riteseteielifor 

EI MAC 5500T 

AtaxioroT power_ 
dficancY 1:0; 

n o v anti  e 

EI MAC "00I  
Maximum gots:: 

and efficit""  up 
101KAV 

All through the development of the frequency modu-

lation principle and on into the leading Commercial 

FM transmitters Eimac tubes have been first choice. 

The Yankee Network, Stromberg Carlson, Zenith, 

The Milwaukee Journal Co.... these and many other 

leaders in the field use Eimac tubes for FM work. 

Why take chances on untried tubes ... select Eimac 

tubes and know in advance that you can expect vastly 

superior performance, greater dependability and com-

plete freedom from failures which are caused by gas 

released internally... plus the assurance that Eimac 

tubes are thoroughly tested in actual FM performance. 

Follow the leaders to 

EI MAC REPRESENTATIVES 

California, Nevada 
HERB BECKER, 1530 W. 
104th St., Los Angeles, Cal. 

Wash., Ons., Idaho, Mont. 
GENERAL SALES CO.. 
Verner 0. Jensen, 2605-07 
Second Ave., Seattle, Wash. 

Colo., Wyo., Now Mexico, 
Arizona, Utah 

RICHARD A. HYDE, 425) 
Quitman St  Denver. Coln. 

Ohio, AtIch., Ky., Ind., Minn., 
Mo., Kan., Neb., Iowa 

PEEL SALES ENGINEER-
ING CO., E. R. Peel, 154 
E. Erie St., Chicago, III. 

Eitel AcCullough. lot 
San Bruno, California 

N. Y. N. J., Penn., Md., Dol., 
Dist. of Col.. Maine, N. H. 

R. I., Conn., Mass. 
ADOLPH SCH WARTZ, 
14726 Elm Ave., Flushing, 
New York, 

Texas, La., Okla., Ark. 
J. EARL SMITH, 2a21 Live 
Oak St.. Dallas. Texas. 

Chicago, Illinois, Wisconsin 
G. G. RY A N  5 0 9 W. 
Washington Blvd., Chicago, 

N. Caro., S. Caro., Georgia, 
Tann., Floe., Ala., Miss. 

JAMES MILLAR, 316 Ninth 
St. N. E., Atlanta, Georgia 

Export Agents: 
Frazar & Co., Ltd., 301 Clay St., San Francisco 
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cAnnoiAn coLonint. AIR WAYS Inc 
C O M M U NI C A TI O NS D E P T. 

E Q UI P M E N T C H A R T 

C̀onsider a 

Capactiori-

Doenduedi 
U-IERE'S EXTRA DEPENDABILITY IN 

LONGER LASTING C-D CAPACITORS 

Sound advice to engineers and purchasing agents is the 

capacitor recommendation of Canadian Colonial Airways. 

Consider dependability. You get extra dependability 
when you specify Cornell-Dubilier capacitors, because 

the broadest experience in the industry is behind them 
— more than 31 years of specialization in capacitor 

manufacturing. 

Cornell-Dubilier superiority is hidden to the eye. But 

its there in the capacitor ingredients ... in the quality 

of parts, in the skillfulness of fabrication — and it 

shows in service. So much so that Cornell-Dubilier 

capacitors are the unanimous choice today of America's 

leading airlines for all aircraft and ground transmitting 

and receiving communications equipment. Whatever 

your capacitor requirements, it pays to specify C-Ds. 

MICA • DYKANOL 

50,51 riS orifullitil 
EACON RECEIVER  

1 ' 
AUXILIARY RECEIVER go? ion 

PART • 

COMP' 

M/ 

I. 

MICROPHur4E.: 

HEADSETS 

AUXILIARY BA1 

LOOP 

LOOP AMPLI 

LOOP DRI\ 

AZI MUT 

PAPER • WET DRY 

CAPACITORS MAY LOOK ALIKE BUT... 

ELECTROLYTIC CAPACITORS 

There is extra long life, extra uniformity and 

dependability built into C-Ds. Next time you specify capacitors look for the 

Cornell-Dubilier seal of experienced engineering. And get the hidden extras 

at no extra cost. Send for Catalog. Cornell-Dubilier Electric Corporation, 

1012 Hamilton Blvd., South Plainfield, New Jersey. 

SOUTH  PLAINFIELD,  N I NE W  BEDFORD,  MASS. 
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A--Counter and dial reading di-
rect  in  approximate  wave-
length; used with conversion 
chart to read °keg   

B -4pproximate wavelength read-
ing. in centimeters 

C — Conversion scale by means of 
which oscillator frequency can 
be  determined  to  approxi-
mately -±-21/4 per rent 

D —Shors-rirruising piston which 
varies length of coaxial line 
and determines freq   

E — t east  ',crew  which  drives 
plunger "O" 

F — ff .E. Type 316.4 Oscillator 
tube 

T1 PE 737..PI Power Supply 

FOR ULTRA-HIGH 
FREQUENCIES... 
A NEW OSCILLATOR 

with 

Good 
OUTPUT 

T0 MEET the demand for a labora tor y osc illa-
tor of good power output, with reasonably ac-

curate frequency calibration, General Radio has de-

eloped and now announces the Type 757-A U-H-F 
Oscillator. This oscillator has adequate power out-

put for laboratory and field-strength measurements 
at frequencies up to 600 megacycles. It uses a single 
tube which energizes a resonant coaxial line, the 

length of which determines the oscillator frequency. 

The effective length of the line is varied by means 
of a short-circuiting plunger which is driven by 
means of a lead screw. The output circuit is 

coupled to the main axis of the oscillator through a 
rod. This rod is so placed that the output impedance 

is approximately 75 ohms. 

The oscillator is direct reading in approximate 
wavelength in centimeters. By means of a conversion. 
table scale permanently mounted on the oscillator 

housing, the resulting frequency in megacycles can 

be determined with an accuracy of approximately 
±2 1/2 per cent. 

Write for Balletin 733 for Complete Data 
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ABRIDGED SPECIFICATIONS 
FREQUENCY RANGE -150 to 600 Mc (200 to 50 
cm) 

OUTPUT POWER -3 to 4 watts up to 400 Mc de-
creasing to 1 watt at 600 Mc 

OUTPUT IMPEDANCE —approximately 75 ohms 

OUTPUT TERMINALS —coaxial jack to facilitate 
connection by means of a coaxial line to instru-
ment under measurement 

CALIBRATION —by means of conversion dart, 
frequency is determined to ± 2 V2 per cent with no 
oscillator loading 

FREQUENCY CONTROL —slow-motion, lead strew 
drive with a dial calibrated in division re pres enting 
approximately 0.01 cm change in wavelength 
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POWER SUPPLY —filament: 3.65 amperes at 

volts; plate 450 vo lts (max imum ), 50 ma. TI'Type 757-P1 Power Supply is ava ilable to sill pl 

fixed filament an d plate  vo ltages  for  operat i   
300 volts from a 115-volt, 60-cycle line 

TYPE 757-A 1.-11-F OSI*11.1.ATOIL ..4195.00 

Type 757-P1 Power Supply   .15. 
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