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GENERAL INFORMATION

InstiTuTa. The Institute of Radio Engineers was formed in 1912 through the
amalgamation of the Society of Wireless Telegraph Engineers and the
Wireless Institute. Its headquarters were established in New York City
and the membership has grown from less than fifty members at the start
to several thousand. .

Aivs AND OBIECTS. The Institute functions solely to advance the theory and
practice of radio and allied branches of engineering and of the related arts
and sciences, their application to human needs, and the maintenance of a
high professional standing among its members. Among the methods of ac-
compi)ishing this is the publication of papers, discussions, and communi-

cations of interest to the membership.

ProceEpiNGgs. The ProceEDINGS is the official publication of the Institute and
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Board of Editors. Copies are sent without additional charge to all members
of the Institute. The subscription price to nonmembers is $10.00 per year,
with an additional charge for postage where such is necessary.

RespoNsIBILITY. It is understood that the statements and opinions given in the
ProcrEDINGS are views of the individual members to whom they are credited,
and are not binding on the membership of the Institute as a whole. Papers
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confidential.

RePrINTING PROCEEDINGS MATERIAL. The right to reprint portions or abstracts
-of the papers, discussions, or editorial notes in the ProceEDINGs is granted
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of such material. Diagrams and photographs published in the PROCEEDINGS
may not be reproduced without making specific arrangements with the Insti-
tute through the Secretary.

Manuscriprs. All manuscripts should be addressed to the Institute of Radio
Engineers, 330 West 42nd Street, New York City. They will be examined by
the Papers Committee and the Board of Editors to determine their suita-
bility for publication in the ProcEEDINGS. Authors are advised as promptly
as possible of the action taken, usually within two or three months. Manu-
scripts and illustrations will be destroyed immediately after publication of
the paper unless the author requests their return. Information on the me-
chanical form in which manuscripts should be prepared may be obtained by
addressing the secretary.

Maruing. Entered as second-class matter at the post office at Menasha, Wiscon-
sin. Acceptance for mailing at special rate of postage is provided for in the
act of FeEruary 28, 1925, embodied in Paragraph 4, Section 412, P. L. and
R., and authorization was granted on October 26, 1927,
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APPLICATIONS FOR MEMBERSHIP

Applications for transfer or election to the various grades of membership
have been received from the persons listed below and have been approved by
the Admissions Committee. Members objecting to transfer or election of any of
these applicants should communicate with the Secretary on or before July 31,
1937. Final action will be taken on these applications on August 4, 1937.
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INSTITUTE NEWS AND RADIO NOTES

Standard Frequency and Other Services Broadcast
by the National Bureau of Standards

On June 1, 1937, the National Bureau of Standards made some
changes and extensions in the services broadcast by its radio station
WWYV, at Beltsville, Md., near Washington, D.C. The services include
(1) standard radio frequencies, (2) standard audio frequency, (3)
standard time intervals in the form of pulses accurately spaced one
second apart, (4) the standard of musical pitch, 440 cycles per second,
and (5) bulletins of information on the ionosphere and radio transmis-
sion conditions. '

1. Standard Radio Frequencies

This service makes generally available the national standard of
frequency, which is of value in scientific or other measurements re-
quiring an accurate frequency, and is useful to radio transmitting
stations for adjusting their transmitters to exact frequency, and to the
public generally for calibrating frequency standards. This service is
given every Tuesday and Friday, (except nationally legal holidays), as
heretofore, but the times, character, and frequencies of the emissions
are somewhat changed. The emissions each Tuesday and Friday are
continuous unmodulated, unkeyed waves (CW) except for a short
pulse each second as described under 3 below.

The service is given successively on three radio carrier frequencies,
as follows:

10:00 to 11:30 A.M., E.8.T., 5,000 killocycles
Noon to 1:30 P.M., E.S.T., 10,000 kilocycles
2:00 to 3:30 P.M., E.S.T., 20,000 kilocycles.

The power of the transmitter used is approximately twenty kilowatts.
The emissions on 5000 kilocycles are particularly useful at distances
within a few hundred miles from Washington, those on 10,000 kilo-
cycles are useful for most of the rest of the United States, and those on
20,000 kilocycles are useful in the western part of the United States
and in other parts of the world.

From any single frequency, using harmonic methods, any frequency
may be checked.

During the first four and the last four minutes of the ninety-
minute emission on each carrier frequency, announcements are given;
they are made by telegraphic keying and by voice, and include the
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794 Institute News and Radio Notes

station call letters (WWYV) and a statement of the frequency and the
accuracy. The accuracy of the frequencies is at all times better than a
part in five million.

2. Standard Audio Frequency

On each Wednesday (except nationally legal holidays), a frequency
of 1000 cycles is transmitted as a modulation on the same radio carrier
frequencies and at the same times of day aslisted above. The radiated
power will be approximately twenty kilowatts, with thirty per cent
modulation.

Except during announcements, the emissions consist of the unin-
terrupted 1000-cycle frequency superposed on the carrier frequency.
During the first four and the last four minutes of the ninety-minute
emission on each carrier frequency, announcements are given; they
are made by telegraphic keying and by voice, and include the station
call letters (WWV) and a statement of the radio carrier frequency and
the audio modulation frequency and the accuracy.

The accuracy of the frequencies (both carrier and modulation) as
sent out from the transmitting station is at all times better than a part
~ in five million. Transmission effects in the medium (Doppler effect, ete.)
may result in slight fluctuations in the frequency as received at a par-
ticular place. As far as the carrier radio frequencies are concerned, such
fluctuations practically never exceed a part in five million; further-
more, the presence of the audio modulation frequency does not reduce
the accuracy of the carrier radio frequency. Under occasional extreme
conditions, momentary fluctuations as great as one cycle may occur
in the audio modulation frequency as received. It is generally possible,
however, to use the audio frequency with an accuracy better than a
part in a million by employing that one of the three carrier irequencies
which has the least fading. It is helpful to use automatic volume con-
trol and audio-frequency filters to reduce the effects of fluctuations in
amplitude or phase of the received audio frequency.

Any desired frequency may be measured in terms of any one of the
standard frequencies, either audio or radio. This may be done by the
aid of harmonics and beats, or, in the case of the 1000-cycle standard,
also by the operation of a simple motor generator.

The standard 1000 cycles is especially useful in the accurate meas-
urement of audio frequencies and time intervals, cahbratlon of tuning
forks, ete.

8. Standard Time Intervals
The OW standard frequency emissions each Tuesday and Friday,
described under 1 above, will be modulated (309) by a short pulse
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Institute News and Radio Notes _ 795

once each second (except during announcements). The pulse lasts
" about 0.005 second and consists of a 1000-cycle modulation on the
carrier frequency; this type of pulse was chosen to facilitate its recep-
tion by ordinary radio receivers. The length of the intervals thus
marked between each second and the next is accurate within 0.00001
second, as sent out from the transmitter. Measurements to this ac-
curacy have not been made of these signals as received, but measure-
ments made at one receiving location showed no error within the limits
of precision of the measurement, which was about 0.00003 second.
Vagaries oceurring in the transmission medium may cause fluctuations
materially greater than this at particular places or times where there
is excessive fading.

These standard seconds signals constitute a standard frequency of
one cycle per second, and are derived from the Bureau’s primary
standard of frequency which is in turn based upon the standard time
service maintained by the U. S. Naval Observatory. They are of spe-
cial value in physical measurements, in geodetic, seismological, and
similar work; in rapid checking of pendulums and chronometer rates,
and wherever short time intervals of great accuracy are needed. They
are not eapable of giving absolute time, as needed in navigation, for
example, for which astronomical observations or the Navy’s time sig-
nals are required.

4. Standard of Musical Pitch

The Ameriean standard of musical pitch, 440 cycles per second for
A above middle C, is broadcast as a modulation frequency every night
except Saturday and Sunday (and except nationally legal holidays). It
is a 440-cycle modulation on a radio carrier frequency of 5000 kilocycles.
The service is given daily from 4:00 P. M., to 2:00 A.M., ES.T. The
station call letters (WWYV) are given every ten minutes on the even
ten minutes by telegraphic keying, so that musicians using the service
may be sure they are listening to the right station. The letters WwWV
are dots and dashes, as follows: - —— -—— - - - — Theradiated poweris
one kilowatt, with 100 per cent modulation. The accuracy of the
440-cycle standard piteh is approximately the same as that of the
1000-cycle tone as deseribed under 2 above; i.e., far beyond any musi-
cal requirements.

5. Tonosphere Bulletins

Data on the ionosphere and a summary of high-frequency radio
transmission conditions are broadcast each Wednesday afternoon, the
same day on which the 1000-cycle modulated emissions are given. The
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bulletin is given by voice on each of three radio carrier frequencies, as
follows:

1:30 to 1:33 P.M., E.S.T., 10,000 kilocycles
1:40 to 1:43 P.M., E.S.T., 5,000 kilocyeles
1:50 to 1:53 P.M.., E.8.T., 20,000 kilocycles.

The broadcast includes statements of the normal incidence eritical
frequencies and virtual heights of the ionosphere layers, and estimated
skip distances for a number of frequencies, all based on observations
at Washington the day of the broadcast. Both day and night values
are given. The information is an aid in choosing optimum frequencies
for long-distance communication.

Further information is given in the Bureau’s Letter Circular, “The
Weekly Radio Broadecasts of the National Bureau of Standards on the
Ionosphere and Radio Transmission Conditions.” '

General

Information on how to receive and utilize these various services is
given in pamphlets obtainable on request addressed to the National
Bureau of Standards, Washington, D.C.

The Bureau welcomes reports of use and comments upon the serv-
ices. It is desired that users report to the Bureau their experience in
using them, including description of method of use; statement of
relative fading, intensity, interference, etc., on the three carrier fre-
quencies; ‘and suggestions for improvement of any details, Corre-
spondence should be addressed to the National Bureau of Standards,
Washington, D.C.

Institute Meetings
BosToN SEcTION

A meeting of the Boston Section was held on January 22 at Harvard
University with E. L. Bowles, chairman, presiding. The attendance
was seventy-five.

A paper on “The Frequency Stability of 100-Megacyele Oscilla-
tors” was presented by Arnold Peterson, research assistant in the
department of electrical engineering of Massachusetts Institute of
Technology. The subject was introduced with a discussion of vacuum
tubes and tank circuits for use at, ultra-high frequencies and: the result
of an experimental investigation of such oscillators was presented.
The effect of changes in electrode voltages on the frequency of oscilla-
tion was first considered. High-Q circuits showed greater ability for

ﬂ/\
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stabilization than the more usual types of tank eircuits. The observed
relative ineffectiveness of parallel wire transmission lines for frequency
stabilization was attributed to the radiation from the line. Measure-
ments on an oscillator using a lumped concentric element tank circuit
were used as a basis for a discussion of drift in frequency and the effect
of loading. The paper was discussed by Messrs. Bowles, Hunt, Lamson,
and Mimno.

The February 26 meeting was held at Massachusetts Institute of
Technology with Chairman Bowles presiding and fifty were in attend-
ance. D. F. Foster of the RCA License Division Laboratory presentéd
a paper on “Broadcast Receiver Design.” It was pointed out that in

~ the manufacture of a highly technical product such as a radio receiver,

the engineer is generally responsible for the success or failure of the
enterprise. He funetions as liaison between sales and manufacturing.
In designing receivers basic specifications are dictated by market con-
siderations but the engineer makes sure that the merchandising re
quirements are technically feasible and can be produced economically
with available equipment. With basic requirements in mind, the design
proceeds from the original conception through consideration of elec-
trical and mechanieal layout, costs, and specifications, to final field
tests prior to manufacturing. The general problem was illustrated by
an example of basic chassis design. Other designs were considered as
additions to or subtractions from the basic designs to meet specific re-
quirements as to performance and cost. Examples were given of design
variations in power supply, output, automatic volume control, and am-
plifier systems. Special features to improve operation were described
and included variable selectivity, tuning indicators, automatic fre-
quency control, and volume expansion.

The March meeting of the section was held on the 29th at Harvard
University with Chairman Bowles, presiding. There were fifty in
attendance.

E. A. Leach, engineer in the radio transmitter engineering depart-
ment of the General Electric Company presented a paper on “Radio
Transmitter Design Problems.” Mechanical considerations in the de-
sign of commercial radio transmitters for both fixed and mobile appli-
cations were discussed. Typical requirements were described and
methods commonly used to meet these were outlined. Fxamples of
transmitter construction included the use of various metallic and in-
sulating materials best adapted for specific purposes. Design econo-
mies reached by employing proper materials and forms for each purpose
were stressed as being one of the most important problems involved.
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On April 13 the Boston Section met at Massachusetts Institute of
Technology with the Boston Section of the American Institute of Elec-
trical Engineers. The attendance was 250 and Professor Bowles presided.

“High-Frequency Broad-Band Wire Transmission” was the sub-
ject of a paper by H. A. Affel, toll transmission development director
of the Bell Telephone Laboratories. It was pointed out that devel-
opments make possible the use of increasingly higher frequencies on
all types of conductors in long-distance telephony which include open
wire lines, cables, and coaxial lines. Carrier transmission permits an
increased number of channels over a given set of conductors and in the
case of the coaxial structure wide bands suitable for television purposes
may be had. On long circuits, repeaters are required at short intervals
and are sometimes only ten miles apart. A description was given of de-
velopmental work in designing high-frequency amplifiers and auto-
matic regulating equipment to compensate for the effects on the line
of temperature and weather variations. This new broad-band tech-
nique has been made possible by such developments as negative feed-
back amplifiers, erystal filters, copper-oxide modulators, and other de-
vices. A twelve-channel carrier system for open wire lines and another
for existing cables, and an experimental million cycle 240-channel co-
axial system were described.

CINCINNATI SECTION

There were fifty-five present at the meeting and dinner of the
Cineinnati Section held on May 25 at the Maketewah Country Club.
G. F. Platts, chairman, presided.

A paper on “Obtaining High Fidelity Transmission with a 500-
Kilowatt Transmitter” was the subject of a paper by R. J. Rockwell,
technical supervisor of WLW, WSAI, and WSXAL. He presented
first a brief history of the present WLW transmitter. At the time the
500-kilowatt transmitter was started, high fidelity programs and re-
ceivers seemed far in the future as viewed by the different companies
participating in its design. The maximum allowable distortion was
therefore set at ten per cent. With the advent of better receivers, this
limit was intolerable and it has been possible to reduce the maximum
distortion in the transmission to less than one tenth of its former value.
Because of the power involved, each step in the process of reducing
distortion required careful attention and progress has been necessarily
slow. The paper was discussed by Messrs. Kilgour, Nyman, Wells and
others.

A second paper on “Application of Stabilized Feedback to a 350-kilo-
watt Modulator” was presented by G. F. Leydort, transmitter engineer

II{’I‘
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at WLW, WSAI, and W8XAL. He presented first the fundamentals
of stabilized feedback and pointed out how its application to a 350-
kilowatt modulator differed from the problem of dealing with low
power amplifiers. It was shown that 300,000 volts at six amperes peak
must. be available. Therefore it became necessary to add three stages
of amplification ahead of the existing five-stage modulator. With feed-
back a lattice network was installed to prevent oscillation in the modu-
lator at eighteen cycles. The paper was discussed by Messrs. Hultberg,
Kilgour, Kolo, Wells and others. In addition to these papers, five reels
of home motion pictures, which were descriptive of a recent tour of
continental Furope made by Mr. Jaeckel were shown by him,

CONNECTICUT VALLEY SECTION

The Connecticut Valley Section met on April 22 in the auditorium
of the Hartford Electric Light Company. F. H. Scheer, chairman,
presided and there were forty present. .

«Ceramies and Iron-Dust Cores” was the subject of a paper by H.
L. Crowley, President of the Henry L. Crowley Company. In introduc-
ing his paper, he pointed out that from ancient times ceramics have
been made from natural clays, the plasticity of which permitted easy
forming before hardening by baking. Natural clays place definite
limitations on the electrical and mechanical characteristics of the fin-
ished ceramic. This has resulted in a new technique in the manufacture
of ceramics which permits production of almost any desired character-
istic. Use is made of the diagonal law which refers to a line from the
upper left to the lower right corner of the periodic table of chemical
elements designating a group of elements the oxides of which are
excellent insulators. The ores of these elements are reduced to finely
divided and refined powders which may be mixed in desired propor-
tions and after various processes “squirted” by high pressure through
dies giving the desired form. The ceramic form is fired in an oven the
temperature of which is raised rapidly to within one hundred degrees
of the desired value and thereafter carefully controlled. Cooling is
important for mechanical characteristics. A ceramic binder, magne-
sium silicate, is used in the manufacture of iron-dust cores to separate
and insulate the iron particles. Losses in the cores were then treated
and the use of alloyed materials rather than special heat treatments
was covered. '

DETROIT SECTION

Members of the Engineering Society of Detroit were invited to the
May 21 meeting of the Detroit Section held at the Hotel Statler. There
were 350 present and R. L. Davis, chairman, presided.
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“The Stroboscope and Sound Level Meter” was the subject of a
paper by H. H. Scott of the General Radio Company. He described
first the principle of the stroboscope and two types were demonstrated.
The Edgerton stroboscope gives a light intensity sufficient to illumi-
hate several square feet of surface. The flashes of light are accurately
timed and last about one one hundred thousandth of a second. This
equipment was demonstrated. A small stroboscope was calibrated to
give the frequency of light flashes which permits the speed of moving
equipment to be computed. The speaker then described a high speed
camera which operates in conjunction with the stroboscope. The object
to be photographed is illuminated by the stroboscope and one hundred
feet of film may be exposed each second. Pictures of good definition
have been obtained at speeds of six thousand per second. A portable
noise level measuring set was also described and demonstrated.

MoNTREAL SECTION

On April 14 the Montreal Section met in the Engineering Institute
Building with A. M. Patience, chairman, presiding. There were sixty
in attendance.

A paper on “Current Developments in Radio Tubes in the United
States” was presented by R. M. Wise, chief engineer of the Hygrade
Sylvania Corporation. He discussed the new higher tensile strength
filaments for battery operated tubes, higher sensitivity battery pen-
todes such as the 1G5G, beam power tubes, and converters. Graphical

- illustrations were shown of the effect on plate current, mutual con-
ductance, and amplification factor of varying the distances between
grids and changes in the grid wire sizes. In conclusion, he pointed, out
the desirability of greater co-operation between set manufacturers and
tube manufacturers in order not to increase the already large number
of tube types on the market. The paper was discussed by Messts.
Farley, Fisher, Hackbusch, Moore, Oxley, Parker, Patience, and
Vennes.

The May 26 meeting of the Montreal Section also was held in the
Engineering Institute Building and presided over by Chairman Pa-
tience. There were forty present. , ‘

A. B. Oxley, quality control engineer of the RCA Victor Company,
Limited, presented a paper on “Vibrational Analysis of Radio Tubes.”

It dealt with the new method of analyzing tube structures by mechani-’

cal modulation of various elements and the interpretation of results on
a cathode-ray oscillograph registering synchronous plate current vari-
ations. The exact measurement of mierophonic susceptibility at critical

=
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frequencies was demonstrated and a method of classification provided
together with a way of attacking the problem looking toward the elimi-
nation of these troubles. The usefulness of the method was demon-
strated for both tube design and production test purposes. Fundamen-
tal equations of natural resonance and common modes of complex me-
chanical shapes were reviewed together with short cuts in diagnosis.
The detection of loose welds, faulty suspension and improper clear-
ance in standard tubes was demonstrated and the relation of quanti-
tative mechanieal tests to electrical tests in production examined. The
paper was discussed by a number of those present.

PHILADELPHIA SECTION

On May 8, Irving Wolff, chairman, presided over a meeting of the
Philadelphia Section which was held in the Engineers Club and at-
tended by 200. As this was the annual meeting, the election of officers
took place and resulted in the naming of A. I'. Murray of the Philco
Radio and Television Company as chairman; H. J. Schrader of the
RCA Manufacturing Company, vice chairman; and R. L. Snyder was
re-elected secretary-treasurer.

The first of two papers was by E. D. Blodgett of the RCA Manu-
facturing Company and entitled “Features and Theory of Operation
of an Aireraft Radio Compass, the Functions of Its Controls and Its
Optional Characteristics.” It covered a comparatively inexpensive
aircraft compass designed for the use of itinerant or private fliers. It
uses the combination of a loop and the ship’s open antenna and func-
tions over three separate bands of frequencies; which are 200-410,
550-1500, and 2200-6700 kilocycles designated as X, A, and B bands.
It may be operated as a radio compass on the X and A bands and
employs for this purpose both the loop and open antennas. In some sets
the loop can be rotated but generally it is fixed in a plane‘perpendicular
to the direction of flight to permit its use in keeping a ship on the radio
beam. A compass indicator which is a direct-current microammeter
with a center zero scale indicates the “on-course” position or angular
deviation of the loop from a straight line to the station. When the ship
is pointing directly toward or away from the station, the indicator
reads zero. If the plane is turned left from the course, the indicator
needle also points left providing the plane is flying toward the station.
It was pointed out that with a ninety-eight-cycle oscillator used as a
keying system the radio impulses received from the open and loop an-
tennas can by phase shifting be made to indicate when the ship is on
or off course. The loop antenna signals work through two tubes ar-
ranged in a push-pull system with their plates in parallel so as to give
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8 polarizing effect by which loop signal impulses can be added to or
subtracted from the signals received over the open antenna depending
upon the direction of the ship’s flight. The paper was discussed by
Messrs. Murray, West, and others,

A paper on “The Fading Characteristics of the Top-Loaded WCAU
Antenna” was presented by G. H. Brown of the RCA Manufacturing
Company and J. G. Leitch of WCAU. This paper appeared in the May,
1937, issue of the PrRocrEDINGS.

ROCHESTER SECTION °

The Rochester Section met at the University of Rochester on
March 11, L. A, DuBridge, chairman, presided and there were 208 in
attendance.

“Adventures in Electricity” was the subject of a paper by Phillips
Thomas, research engineer, Westinghouse Electric and Manufacturing
Company. It was primarily a demonstration of the applications of
electricity and covered such devices as the electrostatic air filter, trans-
mission line vibration, new magnetic alloys, stroboscope, sensitive re-
laysincluding the infrared phototube application for burglar alarm sys-
tems and various pieces of equipment utilizing electronic amplifiers and
apparatus requiring a knowledge of radio fundamentals.

More recent research work by Dr. Thomas has been in the develop-
ment of electronic and light-sensitive devices. Many of these were dem-
onstrated,

On April 1, a meeting of the section was held at the Sagamore Hotel
with Mr, Branson, director of research of the General Railway Signal
Company presiding. There were seventy-five present.

- Vladimir Karapetoff, professor of electrical engineering at Cornell
University preceded his paper with a fifteen-minute piano recital
broadcast from WHAM. His paper was on the “Propagation of Electro-
magnetic Waves Along Parallel Conductors.” The treatment was made
of traveling waves on transmission lines which were caused by the
- release due to a lightning stroke of the previously bound charges on
the conductor. The meaning of the “surge impedance” of the line and
the effect on the reflected surge of the impedance at the termination of
the line were discussed. An analogy was presented between electrical
waves traveling along a conductor and waves along a hydraulic canal.
He also discussed the application of diagrams devised by him for
facilitating calculations of the effect of such terminal impedance.

SaN FRANCISCO SECTION

Two meetings of the San Francisco Section were held during April.
The first on the 14th was in the Down Town Association meeting

Pl
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rooms and presided over by Noel Eldred, vice chairman. There were
thirty present.

W. W. Hansen, professor of physics at Stanford University led the
discussion on the paper of which he was coauthor with J. G. Beckerly
concerning “New Methods of Calculating Radiation Resistance With
or Without Ground” which appeared in the December, 1936, issue of
the ProcEEDINGS.

Robert Buss, a student at Stanford University had charge of the
discussion of the paper on “Feed-Back Amplifier Design” by F. E.
Terman which was published in the January issue of Electronics.

The second meeting was on the 29th and was held in the Pacific
Telephone and Telegraph auditorium. There were thirty present and
V. C. Freiermuth, chairman, presided. This meeting was devoted to
the presentation of two papers by students. The first by E. B. Patter-
son of the University of California was on “An Investigation of Long-
Line Frequency Control for Ultra-High-Frequency Transmitters.” It
was pointed out that contrary to experience below thirty megacycles,
the radiation resistance of the control line is not negligible in its effect
on the @ of a circuit. It was found to be several times as large as other
losses. This accounted for the discrepancy in @ noted in the operation
of an oscillator at two hundred megacycles. Frequency stability at that
frequency indicated a ) of approximately a thousand instead of several
times that value as would be indicated by an exclusion of radiation
effects. ‘ :

The second paper on “Application of the Autosynchronizer Oscil-
lator to Frequency Demodulation” was by J. R. Woodyard of Stanford
University. It appeared in the May, 1937, issue of the PROCEEDINGS.

The choice of the judges was the paper by Mr. Patterson who will
receive the annual student paper prize given by the section. The award
is the entrance fee and a year’s dues as an Associate member of the
Institute.

: SEATTLE SECTION

On May 28 the Seattle Section met at KVI, Point Heyer, Vashon
Island. There were forty-eight present and J. W. Wallace, chairman,
presided. .

“New Radio Developments of Bell Telephone Laboratories” was
presented by F. H. MclIntosh of the Graybar Electric Company who
was recently associated with Bell Telephone Laboratories. He described
briefly principal improvements made in radio transmitters since 1920.
The contributions toward better performance obtained by broad bias
modulation, concentric transmission lines, Doherty amplifier and the
Black stabilized feed-back amplifier were mentioned. The paper was
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closed with a discussion of the need for producing higher field strengths
to obtain further improvement and reliability in transmission. The
paper was discussed by Messrs. Taylor and Wallace.

J. W. Wallace, chief engineer for the Puget Sound Broadcasting
Company presented a paper on “KVI Radio Station.” In it he described
the new five-kilowatt Western Electric transmitter, the 444-foot self-
supporting radiator, coaxial transmission line, and other features of the
station. An inspection of the station followed the meeting.

TORONTO SECTION

The following four meetings of the Toronto Section were held at

the University of Toronto. The meeting on March 8 was attended by
sixty-three and B. deF. Bayly, chairman, presided.

A paper on “Application of Negative Regeneration in Amplifiers”
was presented by C. B. Fisher, radio engineer of the Northern Electrie
Company, Limited. He outlined the early work of the few investigators
of the problem and discussed nomenclature. He suggested the use of the
term “revertion” to describe what is otherwise known as “negative
regeneration.” Present uses of revertion includes special line amplifier
circuits, program and some telephone circuits, speech amplifiers and

broadeast transmitters, and some radio receivers. Although amplifier-

gain is reduced by revertion substantial improvements in stability
result. This is particularly valuable in a line amplifier which must oper-
ate under conditions of varying plate and filament voltage. The stabil-
ity and widened frequency response is highly desirable. It was shown
that stable characteristics over a broad range of audio frequencies were
possible even when working into a load of such variable impedance as
is offered by a dynamic loud-speaker. An additional valuable charac-
teristic of these amplifiers is the tendency to cancel out such spurious
electrical disturbances as hum, tube noise, and harmonics generated
in the amplifiers.

The meeting on April 12 which was attended by sixty-five was in
charge of Chairman Bayly. It was devoted to a paper on “Vibrational
Tube Analysis” by A.B. Oxley of the RCA Victor Company, Limited.
A description of this paper is given in the report on the May meeting
of the Montreal Section.

R. H. Klingelhoeffer, vice chairman, presided at the April 26 meet-
ing which was attended by 157.

A paper on “Television Principles” was presented by R. B. Dome,
development engineer of the General Electric Company at Bridgeport.
No attempt was made to present the early history of television and the

X
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speaker devoted his time to the presentation of modern systems. Vari-
ous methods of seanning were described such as the flying spot, film
pickup, neon tube, and Kerr cell. The limitations of these methods
have been overcome by using electronie means employing cathode-ray
tube methods. It was pointed out that cathode-ray picture reproducing
tubes require sensitive coatings which must not be phosphorescent
and screens as fast as a tenth of a microsecond for good reproduction.
The use of lenses and reflectors for obtaining larger pictures was de-
seribed. It was pointed out that large cathode-ray tubes were too diffi-
cult to construct, have a tendency to collapse, and require high polar-
izing voltages.

Scanning devices supply very low output which must be amplified
in order to control the transmitter. Frequencies between sixty cycles
and 2.5 megacycles must be handled which requires careful design of
all equipment to reduce distortion. It is necessary to transmit a timing
pulse to synchronize the operation of the receiver with the transmitter
scanning device. A discussion was then given of coaxial cables and
their use in coupling to the transmitting antenna. Antenna design was
also covered with special attention to the wide frequency band which
must be radiated.

On May 10 the annual meeting of the section was held with Chair-
man Bayly presiding. There were fifty-one present.

“Radio Broadcast Transmission Problems in Canada” was the
subject of a paper by K. A. MacKinnon, chief development and re-
search engineer of the Canadian Broadecasting Corporation. The
speaker restricted his discussion to transmission problems as viewed
from the transmitting antenna. He discussed methods of measuring
field intensity and methods of plotting it. In many instances the an-
tenna system may be modified to provide greater effectiveness at a
cost much less than that of increasing transmission power. Polar
graphs of various types of antennas were presented and their charac-
teristics outline. The effects of the ground and sky waves were dis-
cussed. The effective ground conductivity was considered and a
geological map of Canada was shown-on which were indicated those
areas of good and poor conductivity. The paper was concluded with a
report of recent information on the proposed international radio con-
ferences and the matters with which they will deal. Although trans-
mitter power and frequency assignments might best be handled by

‘international agreement, the competition between various countries

for the available allocations makes it a difficult problem. It was pro-
posed that a joint engineering and standards committee be established
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at the conference to settle any differences by actual measurements of
the conditions on which they are based. There exists today a lack of
agreement in standards to bring about engineering answers to these
questions.

In the election of officers, R. H. Klingelhoeffer of the International
Resistance Company was niamed chairman; W. I. Kohl of Rogers
Radio Tubes Limited was elected vice chairman; C. G. Irwin of Philco
Products, Limited, recording secretary; and N. Potter of the Canadian
National Carbon Company, secretary-treasurer.
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TECHNICAL PAPERS

SOME FUNDAMENTAL EXPERIMENTS WITH WAVE GUIDES*

By

G. C. SouTHWORTH
(Bell Telephone Laboratories, Inc., New York City)

Summary—This paper describes in considerable detail the early apparatus and
methods used to verify some of the fundamental properties of wave guides. Cylinders
of water about len inches in diameler and four feet long were used as the experi-
mental guides. At one end of these guides were launched waves having frequencies of
roughly 150 megacycles. The lengths of the standing waves so produced gave the ve-
locily of propagation. Other experiments utilizing a probe made up of short pickup
wires attached to a crystal detector and meler enabled the configuration of the lines of
Jorce in the wave front to be determined. This was done for each of four types of waves.
For certain types the properties had already been predicted mathematically. For others
the properties were determined experimentally in advance of analysis. In both cases
analysis and experiment proved to be in good agreement.

REVIOUS paperst have set forth the mathematical theory and
Pa few of the experimental results concerning the transmission of

electromagnetic waves through hollow metal tubes, through pipes
filled with insulation, and also through cylinders of dielectric material.
The purpose of this paper is to describe in considerable detail the
methods by which the verifying experiments were made and to add
data which it was not feasible to present previously. The methods
described are believed to be of interest not only for the way in which
they are able to verify the theory but also because they seem to be
pointing toward a new technique of electrical measurements.

The previous papers have described four of the many forms of
waves that may be propagated through guides. These waves may be
distinguished by such propagating characteristics as velocity and char- .
acteristic impedance and also by the various configurations of the
lines of force which go to make up their wave fronts. Also there is a
critical or limiting frequency below which power is not transmitted.
For convenience of reference certain of the standard configurations
have been reproduced as Fig. 1 below for the particular case of a hollow
metal pipe of circular cross section. These four configurations have
been designated rather arbitrarily as E,, Fi, H,, and H: waves, re-

* Decimal classification: R110. Original manuscript received by the Insti-
tute, March 9, 1937. Several illustrations in this paper are published through the
courtesy of the Engineering Institute of Canada and appear in its Engineering
Journal, vol. 20, pp. 186-190; April, (1937).

T See references (6) and (7) of Bibliography.
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spectively. Somewhat similar waves are also possible in wires of di-
electric material where no metal shield is present but in that case the
lines of force which are shown above as terminating on the conduecting
boundary extend into the surrounding space and close as loops.

SECTIONS THROUGH C-d Hy WAVE

LINES OF ELECTRIC FORCE =~ —-w—we LINES COF MAGNETIC FORCE
* TOWARD OBSERVER © AWAY FROM OBSERVER

Fig. 1—Approximate configuration of lines of electric and magnetic force in a
typical wave guide. Small solid circles represent lines of force directed to-
ward the observer. Propagation is assumed to be directed to the right and
away from the observer.

Obvious questions that might be asked at this time are: (1) Do the
nice geometrical configurations shown in Fig. 1 actually exist in prac-.
tice? (2) How are these waves launched and received? (3) Hovv@jcan
their velocities be measured? The following paragraphs are directed
at these answers.
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EXPERIMENTAL VERIFICATION

The verification of the above-mentioned properties of waves and
their guides has involved two rather different ranges of frequencies.
In the earlier work which is the particular object of this paper, fre-
quencies between 100 and 400 megacycles were used. In this case the
waves were propagated through cylinders of water which served as
the experimental guides. More recently it has been feasible to use air-
core guides. However, this has called for much higher frequencies.

TOP OF WATER

|

|

} - WATER DIELECTRIC
| IN METAL PIPE
I

|

METAL =
REFLECTOR r»

COAXIAL RING
AND DISC

GALVANOMETER AND__|
CRYSTAL DETEGTOR

GENERATOR

Fig. 2—Schematic of apparatus used to test theory of propagation
through wave guides.

The latter are of the order of 1000 megacycles (A=30 centimeters)
and 4000 megacycles (A =7.5 centimeters). The results obtained by the
two methods are, however, very similar so that the more recent work
can be said to be largely confirmatory.

APPARATUS

The apparatus used in this preliminary study is shown in very
simple schematic form in Fig. 2 and in greater detail in Fig. 3. As al-
ready explained the dielectric guide under observation consisted of a
cylinder of water about four feet long. In the course of the experiments
four such columns were used. Two were enclosed in copper tubes ten
inches and six inches in diameter, respectively, and two were within
bakelite tubes of these same diameters. The bakelite was considered




810 : Southworth: Experiments with Wave Guides

sufficiently thin and its dielectric constant so low compared with water
‘that the whole could be regarded as a cylinder of water only.

Waves generated by the source (1) (Fig. 3) were set up in the
water column (2) through the intermediary of tuned parallel wires

Fig. 3—Arrangement of oscillator, Lecher wires, and water column used in
testing the theory of waves in dielectric guides.

(3) to which the water column was only loosely coupled. The kind and
the degree of coupling could be varied through the use of different
arrangements at the base of the column. These were sometimes re-
ferred to as “pads.” In some cases this coupling was analogous to a
mutual capacitance and in others it might be regarded as conductive or

{ i
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inductive. The shape of the conductors on the pad determined the
type of wave produced. When the F, type of wave was desired the
pad took the form of metal disk surrounded by a metal ring. The two
Lecher wires were then connected to the center and outside rings. of
the pad, respectively. If other types were wanted pads were used
made up of other electrode arrangements as illustrated in Fig. 4 below.

The essential components of the assembled apparatus are shown in
detail in Fig. 3. A shielded platform about six feet square separated
in a general way the water column from the rest of the apparatus.
The removable pads which afforded the coupling made close contact
with the shield, thereby minimizing the wave power that might reach
the dielectric from spurious sources. This isolation was acceptable but
by no means perfect as the whole room was sometimes found to con-
tain standing waves.

The parallel wires were capable of adjustment for length by means
of a 4-X4-inch brass bridge (5) which was movable along the wooden
supporting frame. A permanently mounted scale enabled the position
of the bridge to be read. A 0- to 200-microampere meter (6), to which
was attached a sensitive crystal detector, was loosely coupled to the
parallel wire system. This showed conditions of resonance in the paral-
lel wires. This parallél wire system proved to be a moderately accurate
wavemeter but it was not relied upon for this purpose. Its main fune-
tion was that of impressing on the end of the dielectric guide waves
of a definite configuration. This was considered to be more feasible
than to couple the oscillator direct to the column.

The source (1) was mounted on the end of a wooden arm (7) hinged
at two points. This permitted a wide range of couplings to the parallel
wires. In some instances the separation was but a few inches but in
other cases it was two or more feet. This arm was also capable of
vertical displacement in order to meet the wide range of conditions due
to wave length changes. The power leads to the oscillator were cabled
and laced to the arm. There was little trouble from standing waves on
these leads.

An independent wavemeter system (8) also made up of parallel
wires was arranged vertically on a second hinged arm (9). This would
be brought in from the right when it was desired to measure wave
length. In this case the wires were much larger and the mechanical
arrangement was such that more accurate bridge settings could be
made than for the case of the parallel wires described above. This ar-
rangement permitted measurements when the oscillator was under
normal load. Its sensitivity was such that it led to no appreciable re-
action on the source.
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Standing waves were detected in the water column by three rather
different methods. Substantially the same results were obtained by
all. In one case the parallel wire system was adjusted for resonance,
as shown by the meter (6), with no water in the column. Water was
then admitted slowly through a hole in the bottom of the column. As
the level of the water rose the deflection of the meter varied periodically
through rather wide limits, indicating points of resonance in the column
with a corresponding absorption of power from the parallel wire sys-
tem. When the coupling between the column and the parallel wire
circuit could be made small, the reaction between the two was also
small except at points close to where absorption took place. This

Fig. 4—Conductor arrangements used in launching various forms
of guided waves.
method is very similar, of course, to the scheme that was at one time
generally used in radio measurements where resonance in a secondary
circuit was indicated by absorption in a primary. In this experiment
the distance between successive absorption points was taken as one
half of the wave length as measured in the medium. ‘

In another method of detecting standing waves, the column was
nearly filled with water and the parallel wires again adjusted for
resonance. A circular disk of sheet copper which contacted the sides
of the column was lowered into the water. This showed the same
reactionary effects on the primary circuit as that of the changing
water level. In the third method which was used in connection with
Ey waves, the copper reflector was divided into three coaxial rings
between which “waterproofed” crystal detectors were connected. This
is shown in Fig. 5(b) below. Connecting wires from the detectors
were brought out to an external microammeter which indicated maxi-
mum conditions. The second of these three methods was most generally
used.
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Fig. 4 shows various coupling pads that were used. Each of the four
pads was designed respectively for one of the types of waves shown in
Fig. 1.

Fig. 5 shows some of the reflectors. That shown in (a) was most
generally used. It would of course reflect any of the principal types
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Fig. 5—Various arrangements used to reflect guided waves.

of waves. That shown in (¢) was used to investigate the state of
polarization in H; waves. That shown in (d) had removable sections
and indicated what zones of the cross section of the guide contained
the greatest B, wave power. That shown in {e) was used to determine
the magnitude of fields outside of the guide itself. Two other reflectors
not shown made up respectively of radial wires and wires arranged as
coaxial circles were used in investigating the orientations in Fq and Ho
waves.

Fig. 6—Crystal detector and meter used as a probe in verifying the arrangement
of the lines of electric force in a wave guide.

A meter and detector combination similar in principle to that used

on the wavemeter served as a probe in determining the direction and

intensity of the field in and about the dielectric wire. Fig. 6 shows the
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details of both the probe and its bakelite mounting. The latter was
clamped to the top of the water column and adjusted so that the probe
wires just reached the water. The probe could rotate about its axis
as well as be moved laterally along the slot shown. The part in which
the slot is located was also free to rotate with respect to the column
so that the probe could be carried over the entire surface of the water.
The two rotating parts were laid off in degrees and the slot carried a
centimeter scale. Typical data obtained by this method are shown in
Figs. 11, 12, and 13 below.

EXPERIMENTAL RESULTS

The primary purpose of these experiments was to establish the
existence of guided electric waves, particularly for the case of a guide
surrounded by a conductor. This simple objective was readily ac-
complished as standing waves of a kind were produced with little or
no difficulty. However, the waves first found turned out to be rather
complicated usually indicating a mixture of two or more types each
traveling with different velocities. It then became necessary to dis-
entangle the component parts.

It is not feasible to discuss here all of the difficulties that were
encountered except to say that, unless certain precautions are used in
the design of the launching mechanism, many spurious waves may be
set up in a guide. In most cases, however, these spurious waves may
now be identified as a mixture of two or more of the standard types.
The various coupling pads shown in Fig. 4 were evolved from some of
these early experiments with a view to a fairly pure wave of the de-
sired kind. It was in connection with this problem that the simple
probe meter shown as Fig. 6 was first used. This disentangling
process led to forms of waves not at first appreciated. However, mathe-
matical analysis was soon able to account for these and other waves
as well. .

The method for determining velocity of propagation using the
principle of standing waves was not essentially different than that
commonly involved for the velocity of sound waves in air columns or
for electric waves on Lecher wires or in free space. It is based on the
simple fact that two oppositely directed waves of the same length
and approximately the same amplitude give rise to a series of successive -
maxima and minima that appear to be at rest. Measurements of the
distances between alternate maxima (or minima) give wave length
A, as observed in the guide. This together with a knowledge of the
frequency f permits velocity in the guide to be calculated by the simple
relation V,=1\,.
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After methods had been found for producing a relatively pure
wave, the measurements of the lengths of standing waves in the guide
were generally consistent. Such measurements were subsequently
made under a large range of conditions for each of the four water
columns described above and for each of the types of waves under
study. Typical amongst the results is the curve for the ¥, wave shown
as Fig. 7. This was plotted from corresponding readings of the reflector
levels as measured above the bottom of the column and deflections of
the indicating meter coupled to the parallel wires. In order to show
how these effects vary with frequency, several of these curves are
shown in Tig. 8 for the case of a ten-inch diameter copper column.

In general, two limitations were encountered in this work. At the
shorter wave lengths the minima were so close together that only the
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Fig. 7—Typical standing waves in a dielectric guide.

extremes could be located definitely. At the longer waves insufficient
minima were included in the relative short columns at hand to meas-
ure wave length. This latter limitation, unfortunately, prevented ob-
servations near the critical or cutoff wave length. This difficulty was
partially overcome by a different type of observation which will be
described later. The close coupling which was necessary to give a
readable deflection at the shortest wave lengths indicated high at-
tenuation and strongly suggested that the operating frequency was
then near an absorption band for liquid water.

It will be noted that corresponding to each curve in Fig. 8, three
values are recorded. The first is the wave length A,, measured in air.
The second is A, or the wave length measured in the guide, while the
third is a ratio of these quantities and is designated as K. The latter
may be regarded as the relative slowness at which waves travel in
the medium as compared with free space and is a quantity susceptible
to calculation from the theory of guided waves. The orderly manner
by which the relative slowness approaches the value nine, which is
the value assumed for the index of refraction of water, is made more
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evident by the upper curve of Fig. 9. The points are experimental.
The curves result from a calculation of wave slowness.
Similar but less extensive measurements of A, and K for E, waves
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Fig. 8—-Experimentally determined standing wavesin a ten-inch diameter column
of water surrounded by a copper sheath.

were made for other columns both with and without metal shields
with results somewhat similar to those shown in Fig. 8. These latter
curves are not regarded as being of sufficient general interest to be
reproduced here. The resulting values of K are, however, plotted in
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Fig. 9. It will be noted that the experimental data agree rather closely
with those calculated. A comparison of the two curves corresponding
respectively to a dielectric guide with and without a sheath indicates

10

P
x° = -~ .
a2 |
4 . \ S s
2 N
o P o~
B3 \ RN
Fone
z’ ~
5 o L
g 3 o o~
> \ S N
B
e &
g ® ‘\
2 B,
2,4 ke
E \ \
o \
.8 3
> ‘\
w
6 2 T
o \\ \
.é_ | | \‘
1
i
0 i

0 | 2 3 4 5 6 7 8 9 [[o} bl iz

RATIO OF WAVELENGTH TO DIAMETER (%‘)

Fig. 9—Relative wave slowness in water columns. (A) water enclosed in a copper-
cylinder. (B) water enclosed in a bakelite cylinder.

that in general the velocity of propagation is greater without the
sheath than with the sheath. This may be interpreted to mean that
when there is no sheath the lines of electric force extend into the sur-
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Fig. 10—Relative wave slowness in a copper sheathed water column for each of
four principal types of waves.

rounding medium which in this case is air so that the resulting velocity
is dictated not only by the dielectric constant and the dimensions of
the guide but also by the properties of the external medium as well.
The underlying theory also points to this view; Fig. 10 is a composite
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assemblage of the available data relative to a shielded guide usirig water
as the dielectric material. It needs no further comment.

Livrring CaAses

The data shown in Fig. 8 together with the values of K plotted in
Fig. 9 indicate quite clearly that two limiting cases are being ap-
proached. The first is for K = 9 where the wave length in air is relatively
short and the second is for K =0, where this wave length approaches
a critical value determined by the diameter of the guide. This corre-
sponds of course to the critical frequency below which no substantial
amount of wave power may theoretically be transmitted through a
dielectric guide. Also it is at this frequency that the velocity of propa-
gation approaches infinity. Under these circumstances the wave length
becomes somewhat greater than the length of the test columns at hand.
It was this limitation that made the method described above inade-
quate to determine the characteristics near the critical wave length.

Another approach to the behavior of guides near cutoff was made
by a somewhat different method. To this end the coupling between the
oscillator and the Lecher wires was kept constant. The electromotive
intensity impressed on the guide therefore remained roughly constant.
The probing meter described above was next arranged to give a con-
venient deflection. A reading of this meter was taken for each of
several exciting frequencies as cutoff was approached. This was re-
garded as a rough measure of the amplitude of the received wave. It
was, of course, necessary to adjust the parallel wires to resonance each
time after the frequency had been changed.

These experiments showed that the cutoff property may be readily
demonstrated in a qualitative way. When the core of the guide is air
the cutoff frequency is very sharp and is close to that calculated. How-
ever when the core is water the cutoff frequency is as might be expected
somewhat less well defined.

ExperiMENTS CONFIRMING THE FIELD DISTRIBUTION

As already mentioned, a probe consisting of a crystal detector and
microammeter such as shown in Fig. 6, may be used to determine the
direction of the lines of electric force in the wave front. This proved
to be very useful not only in verifying the standard forms of waves
but also in studying the nature of complex or spurious waves. Typical
results are shown in Figs. 11, 12, and 13 below. In these diagrams
AOB and COD refer to two mutually perpendicular diameters of the
guide along which the probe is carried. The diameter AOB is that along
which the electromotive intensity is applied.

P
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In exploring the field of a pure H: wave it was readily verified
that the lines of force were chords generally parallel to the plane along
which the electromotive intensity was applied. When the probe was
carried across the diameter AOB the deflection was optimum only
when the line connecting the probe wires was kept parallel to this
plane and was zero or very small when oriented at right angles thereto.
When the probe was carried along COD again the deflection was op-
timum when parallel with this plane. Fig. 11 indicates roughly the
magnitudes of the deflection as the probe was carried along these two
diameters. At points near the wall there was a definite tendency for
the optimum position to be radial. This is of course in keeping with
the idea that small areas of conductors may be regarded as equi-
potentials and that lines of electric force approach such conductors
perpendicularly. ,

For the E, type of wave the probemeter reads a maximum when
the line connecting the two probe wires is radial. A typical variation
in meter reading as one carries the probe along two diameters of a
shielded guide is shown by Fig. 12(a). Fig. 12(b) shows similar data
for an unshielded dielectric cylinder.

Similar measurements on the H, type of wave in a sheathed guide
gave results roughly the same as for E, waves in an unsheathed guide
except that the line of the probe wires was kept in a tangential direc-
tion for maximum deflection. In practice it is not always possible to
obtain an altogether symmetrical pattern in either of the E, and H,
experiments. This is evidenced by Fig. 12.

No great effort was made to verify the shape of the Ei wave.
However, it was not difficult to establish the two null points that
are evident from the configuration shown in Fig. 1.

Fig. 13 shows a typical distribution of field as found in a wave
front where there is a mixture of B, and Hi waves. In an early search
for the £, wave a mixture of this kind persisted for some time. The
results are-now easily accounted for by combining say Fig. 11 with
Fig. 12(a). Certain other spurious distributions were occasionally found
in these experiments which might be ascribed to particular conditions
of the setup or even to the presence of the observer himself. The latter
was particularly true in cases where no metallic sheath surrounded the
column,

OrrER ExprrIiMENTS CONFIRMING THE FIELD DISTRIBUTION

A second method throwing some light on the field distribution in
Ey waves consisted of a measurement of the amplitudes of standing
waves as reflection took place from different zones of the dissectible

-~
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disk shown as Fig. 5(d) above. The results of one such test made near
the lowest critical frequency are shown in Fig. 14. It will be noted
that curve (a) produced by a solid reflector has well defined minima,
as has also curve (b) which was produced by all zones of the dissectible
_reflector combined. It appears from (¢) that little loss is entailed by
removing the central zone. This is substantiated by curve (d) which
shows that the central zone alone produces little reflection. Curve (e)
indicates that the outside zone plays a very important role in inter-
cepting wave power but it is considerably less important than the
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Fig. 14—Relative amplitudes reflected from various zones of a
demountable disk,

intermediate zone as will be seen from curves (f) and (g) This method
of studying the field distribution provided a very interesting check on
the probe tests but it is perhaps too cumbersome for general use.

In studying H: waves a reflector made up of parallel wires appeared
fully as effective as a disk of solid metal so long as the wires were kept
parallel to the lines of electric force. When they were rotated ninety
degrees there was little or no reflection. '

In another experiment a dipole having a length slightly less than
the diameter of the water column was constructed by attaching wires
to the two terminals of a flashlight bulb. This was mounted on the end
of a wooden rod so it could be lowered into the water. At a point near
the bottom of the column the lamp would light to full brillianey so
long as the dipole was in the direction of the lines of electric force.
As the dipole was rotated still keeping it at this level the brilliance was
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reduced more or less as the cosine of the angle. Lifting the dipole up
and down while oriented to the optimum angle showed the presence
of nodes and loops of standing waves. The brilliance was progressively
less at each successive loop indicating that the water gave rise to con-
siderable attenuation.

The reflector made up of radial wires was very effective for E,
waves but it had little or no effect on Hy waves. In a similar way the
reflector made up of circular wires mounted coaxially reflected the H,
waves but it was indifferent to %, waves. This is of course what might
be expected and is offered here only as a further confirmation of the
predicted theory. '

As might be expected, certain of these screen arrangements have
proved to be useful devices in subsequent wave guide work. For in-
stance, it sometimes happens that spurious components are present
when the [, type of wave is generated. If such is the case we may
interpose a screen made up of radial conductors and thereby discourage
unwanted components. Similarly unwanted components may be

filtered from E, waves by the use of strainers made up of coaxial
metal circles.
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CHARACTERISTICS OF THE IONOSPHERE AND THEIR
APPLICATION TO RADIO TRANSMISSION*
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T. R. GruriLanp, S. 8. Kmrsy, N. Smita, anp S. E. REY™MER
(National Bureau of Standards, Washington, D.C.)

Summary—Resulls of tonosphere measurements near Washington, D.C.,
made at normal incidence over the period May, 1934, to December, 1936, inclusive,
are presented in graphical form as monthly averages for each hour of the day. The
general forms of the diurnal and seasonal variations of the critical frequencies and
virtual heights have recurred from year to year. In addition to the seasonal variation
there has been a continuous long-time increase of critical frequencies which is asso-.
ctated with the eleven-year sunspot cycle. Data are given only for those layers which
are fairly reqular in behavior—the normal B, F, Fy, and F. layers.

The interpretation of properties of the tonosphere in terms of radio transmission
over medium and long distances is discussed. The properties constdered are absorp-
tion, virtual height, and critical frequency. It is pointed out that the long-time in-
crease of critical frequencies indicates a corresponding rise in useful transmission
Srequencies. The paper also describes briefly two types of irregular disturbances of
the tonosphere which affect radio transmission.

I. INTRODUCTION

PROGRAM of measurement of critical frequencies and virtual
heights of the ionosphere has been carried on at Washington,
D.C., by the National Bureau of Standards since January,
1930. Results have been given from time to time in a number of pub-
lished papers. One of these papers' gives systematic data on critical
frequencies of the various regions of the ionosphere for the year May,
1933, to April, 1934, inclusive. These data were obtained with_ the
multifrequency automatic recorder originated and developed? at the
National Bureau of Standards in 1932. Experimental evidence of the
beginning of a long-time increase of average critical frequencies was
also given in that paper.

The use of the multifrequency automatic recorder has made it
possible to secure hourly ionosphere records at the National Bureau
of Standards since May, 1933. The recent adoption of the idea of

* Decimal classification: R 113.61, Original manuscript received by the In-
stitute, April 19, 1937. Presented before Silver Anniversary Convention, May 10,
1937. Publication approved by the Director of the National Bureau of Standards
of the U. S. Department of Commerce. Published in Nat. Bur. Stand. Jour. Res.,
vol, 18. p. 645; June, (1937).

1 T, R. Gilliland, “Multifrequency ionosphere recording and its significance,”
Nat. Bur. Stand. Jour. Res., vol. 14, p.283; March, (1935); Proc. I.R.E., vol. 23,
pp. 1076-1101; September, (1935). 3

2 T, R. Gilliland, “Note on a multifrequency automatic recorder of iono-

sphere heights,” Nat. Bur. Stand. Jour. Res., vol. 11, p. 561; October, (1933);
Proc. L.R.E., vol. 22, pp. 236-246; February, (1934).

823




824 Gilliland, Kirby, Smith, and Reymer: Ionosphere Characteristics

multifrequency automatic recording and the principle of this recorder
by the Carnegie Institution of Washington, British Radio Research
Board, Australian Radio Research Board, and Harvard University
will increase enormously the continuity and value of ionosphere data,
which will in turn greatly increase our understanding of world-wide
ionosphere and radio transmission conditions.

The graphs of the present paper present the results of observations
continued since April, 1934, through December, 1936, and an extension
of the I data to each hour of the day. The average, for each hour, of
the critical frequencies and virtual heights of the three principal strata,
the normal E, ¥, and F; regions, is given for each month. Curves are
.not plotted for the sporadic E, since its appearance was so erratic that
average results would not be reasonably dependable, although it is
known that sporadic E frequently determined the upper frequency
limit of sky-wave transmission, especially during the summer. These
graphs are intended to show the average diurnal variation of ionosphere
characteristics for each month of the year, as well as long period
changes. It is believed that the information will be useful in predicting
propagation conditions.

Following the precedent established in earlier papers, the critical
frequency for the ordinary ray is given for the F; layer while that for
the extraordinary ray is given for the F, and F layers. In the case of
the F; layer the ordinary ray is the more suitable for the purpose of
averaging since it is much stronger and is therefore more frequently
observed than the extraordinary ray. With regard to the ¥, and F
layers the critical frequency for the extraordinary ray is, with the
exception of irregular scattered reflection, the highest frequency re-
turned at normal incidence. Its value gives a measure of the highest
usable frequency for short-distance transmission. For long-distance
transmission the extraordinary ray may however be expected to extend
the usable frequency limit very little, if any, above that for the ordi-
nary ray. If the critical frequency for either ray is known, that for the
other may be determined by a simple calculation. At Washington the
critical frequency for the extraordinary ray is roughly 800 kilocycles
higher than that for the ordinary ray, for ordinary ray critical fre-
quencies above 2500 kilocyeles.

The graphs represent measurements obtained both with the multi-
frequency automatic recorder and by manual observations. The auto-
matic recorder was arranged to cover the frequency band 2500 to
4400 kilocycles once each hour. The manual measurements were
usually made during one day each week and principally at frequencies
above 4400 kiloeycles.
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The results of the manual observations are averages for a 60-
minute interval centered on the hour. The automatic records began
on the hour and lasted 423 minutes. Although the upper limit of the
automatic recorder was 4400 kilocyeles, the critical frequency for the
extraordinary ray could be determined to as high as 5200 kilocycles,
by the 800-kilocycle separation relation mentioned above. Since
December, 1935, the multifrequency records have been supplemented
by measurements with a fixed-frequency recorder operating either on
7250 or'6200 kilocycles, giving a record of a few seconds duration every
4% minutes.

The symbols used are as follows:

hg: E-region virtual height, (lowest measured height).
ke Fpregion virtual height, (lowest measured height).
hx,: Fyregion virtual height, (lowest measured height).
»: night F-region virtual height, (lowest measured height).
fe:  E-region critical frequency, in kilocycles , ordinary ray,
fr,: Firegion critical frequency, in kilocycles, ordinary ray.
fifzz Fo-region critical frequency, in kilocycles, extraordinary ray.
fr: night F-region critical frequency in kilocycles, extraordinary ray.
E.S.T.: Eastern Standard Time (=75 degrees West Meridian Time).

Figs. 1 to 15, inclusive, give the hourly averages of critical fre-
quencies and minimum virtual heights for the E, Iy, and ¥ regions of
the ionosphere for each month of the year from May, 1934, to Decem-
ber, 1936. For a given month the several years are plotted on the same
figure through September, 1936. This arrangement makes it easy to
see changes which have occurred from year to year. October to Decem-
ber, 1936, were plotted separately because the scale already in use was
inadequate for the higher critical frequencies.

1I. VirruaL HeicaTs

Referring to these figures, we shall consider first the virtual heights.
In general, the maximum frequency of waves which may be returned
from a region of given ionization density will be higher, the greater the
angle of incidence. Since greater angles of incidence are obtained for
transmission over a given distance, thelower the height of the reflecting
layer, it follows that the virtual height of a layer is one of the important
characteristics of the ionosphere in determining propagation conditions.
It should be noted that on account of the curvature of the earth and
the ionized regions, the angle of incidence at a layer must always be
somewhat less than ninety degrees.

The virtual heights of the B and ¥ regions did not vary greatly
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either diurnally or seasonally; Ay varied from about 110 to 130 kilo-
meters, while Ar, varied from about 200 te 240 kilometers. The &y, and
the night &z varied through much widerlimits than hg or Ax,. hr,varied
from about 230 kilometers during a winter day to between 350 and
500 kilometers during a’ summer day. During hoth winter and summer
the night Ar remained at about 300 kilometers. Around sunrise this
height usually decreased to between 230 and 270 kilometers. An hour
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or two after sunrise the F layer split into the F, and F; layers, Ay, de-
creasing slightly and hr, increasing during the day. Shortly before
sunset these two regions merged again into the night F layer, which
rose again after sunset to the night level.

This separation was much more pronounced and clear-cut in the
summer than in the winter, the daytime Ay, in summer usually ex-
ceeding the night Ar. The amount and distinctness of the separation
during the winter has progressively decreased over the period of these
observations, and in October, 1936, completely disappeared, save on
magnetlcally disturbed days.
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The data given here on the hy, thus confirm and extend the results
reported in previous papers.?* Usually the virtual heights during a
summer day are considerably greater than those during a winter day
or a summer or winter night. If some allowance is made for the decrease
of f at night it may be stated in a general may that hr, is great when
i }IZ is small, and vice versa. For example, Ay, is greater and f}‘z smaller
during the summer day than during the winter day or summer evening.
For the intermittent day-to-day variations he, is greater for days of
low f7, than for days of high f5,.

ITI. CriTicAL FREQUENCIES

In addition to the virtual heights Figs. 1 to 13 show the diurnal
and seasonal variations of critical frequencies.

The normal E critical frequencies varied fairly regularly both
diurnally and seasonally. The fg rose rapidly at sunrise out of the
broadcast band and came to a broad maximum about noon both in
summer and in winter. The summer values were greater than the win-
ter values. The diurnal variation of fg was symmetrical about noon.
Neglecting the sporadic E the values at sunrise were about the same
as those at sunset. Some observations made at night indicated that
the fg at that time was usually found between 600 and 1000 kilocycles.
There was a long-time increase of f as well as of the other regions whiech
will be discussed later.

The F; critical frequencies varied fairly regularly when they were
observed; i.e., principally during the summer day. Both the ordinary
and extraordinary F; rays were then normally found, the extraordinary
ray being much weaker. F; critical frequencies never occurred at night
since the I layer lost its identity as a separate layer and merged with
the F, layer shortly before sunset. They were also usually poorly de-
fined or absent during the winter day. There was a long-time year-to-
year increase of fr, similar to that for fg. During the period of this
increase the fr, became less and less well defined, especially during
the winter, until, in October, 1936, it usually could not be found.

The diurnal variations of the f3, may be classified into two general
types: the winter type, centered in December, and the summer type,
centered in June. In the wirnter type the fr, began rising about one-
half hour before sunrise and rose rapidly until two or three hours after
sunrise, coming to a broad maximum centered about 1300 local time.
It fell fairly rapidly from about two hours before until three hours

3 E. O. Hulburt, “Theory of the ionosphere,” Terr. Mag., vol. 40, p. 193;
June, (1935).

+ BE. B. Judson, “Comparison of data on the ionosphere, sunspots, and ter-

restrial magnetism,” Nat. Bur. Stand. Jour. Res., vol.17, p.323; September, (1936);
Proc. I.R.E,, vol. 25, p. 38-47; January, (1937).
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after sunset and then more slowly during the night. The night decrease
was not smooth but was broken up by plateaus and secondary maxima.
The maximum at about 4 A.M., first observed in 1933 at the National
Bureau of Standards,’! has become progressively less and less marked
in successive winters since the sunspot minimum in 1933. The mini-
mum for the twenty-four hours usually occurred about an hour before
sunrise. Except for rare occasions, on days of magnetic storms the
day-to-day variations in the f¥, curves were small. Thus the behavior
of the ionosphere was nearly always regular during the winter, and,
indeed, could be predicted over short periods. This was especially true
during the latter part of the period covered in this paper.

In the summer type the morning increase in fr, began about sun-
rise. It occurred considerably later with respect to sunrise and was
much slower than in the winter type. The fr, continued to rise in this
manner until about four hours after sunrise, after which it rose less
rapidly during the remainder of the day.

The maximum occurred at about sunset, and was followed by a
very slow and more regular decrease through the night, until the mini-
mum was reached just before sunrise. The day-to-day variations in
the /%, were in general greater in summer than in the wintertime, and
the behavior of the ionosphere could not be predicted as well, although
the general shape of the diurnal curves was the same from day to day
in the summer. '

During the spring and fall the transition between winter and sum-
mer characteristics did not take place gradually, as would appear
from the average curves, but the diurnal variation shifted erratically
back and forth between the two types. In general, the whole day was of
one type, although the value of fr, differed widely on different days.
The general shift in the average curves represents a relative predomi-
nance of winter or summer conditions during the month. :

It may be seen from the graphs that the maximum f¥, for the year
occurred during the winter day and a lesser maximum occurred near
sunset in summer. Both maxima were fairly broad and indicated that a
frequency near the maximum transmission frequency might be used
for eight or nine hours during the day. This time centered at about
1300 local time during the winter and at about sunset during the
summer.

IV. Loxg-Time ErrecTs

Since the sunspot minimum in the winter of 1933-1934 the critical
frequencies of the E, Fy, and F, regions have increased over a long

8 T. R. Gilliland, “Ionospheric investigations,” Nature (London), vol. 134,
p- 379; September 8, (1934).
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period which is associated with the eleven-year sunspot cycle. This
long-time increase was superimposed on the seasonal variations and
may be seen in the graphs of Figs. 1 to 15.
‘The largest and most striking long-time changes occurred in the
i
V. INTERPRETATION AND APPLICATIONS

The three principal properties of the ionosphere affecting sky-wave
transmission are absorption, virtual height, and ecritical frequency.

Absorption

The absorption of radio waves in the ionosphere determines the
maximum distance and minimum frequency for practical high-fre-
quency communication. The absorption varies in general with time
of day, season, frequency, and length of path. Absorption seems to
take place mainly in the lower ionosphere, that is, in the E layer or
below. The absorption is greater during the summer day than during
the winter day. It is greater for the lower high frequencies, that is,
those frequencies which are close to or below the I critical frequency
for a given distance. It is usually greater during the day than during
the night, especially for these lower high frequencies. The evidence
indicates that a higher frequency at large angles of incidence behaves,
with respect to absorption, like a much lower frequency at small
angles of incidence.

The effect of absorption at different frequencies is illustrated by
field intensity measurements of two transmitting stations about 600
kilometers distant, one at 6060 kilocycles and the other at 9570 kilo-
cycles. Measurements on the 6060-kilocycle transmission indicated
day field intensities about two per cent of the night field intensities.
For this distance this frequency was below the E critical frequency for
several hours during the day. Similar measurements on the 9570-kilo-
cycle station indicated day field intensities of approximately the same
intensity as the night field intensities. For this distance this frequency
was well above the E critical frequency at all hours of the day. These
two examples 1llustrate the advantage of using a transmission frequency
well above fg if /%, is high enough to reflect transmlssmns at such
frequencies.

Virtual Height

The virtual height is an important characteristic of an ionized
layer for determining the maximum frequency for which the waves
will be reflected from the layer. For a given transmission distance the
angle of incidence at a layer will be greater the lower the layer. On
account of the curvature of both the earth and the ionized layers, the
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maximum possible angle of incidence is also greater the lower the layer.
Since the critical frequency for a given ionization density varies ap-
proximately as the secant of the angle of incidence, it follows that for a
given ionization density and distance a lower layer can reflect waves of
a higher frequenecy. It is thus apparent that even though the E layer
ionization density is lower than that of the F; layer, the former may
frequently determine the maximum usable frequency. Because of the
high fr and low fr, during the summer day, this condition exists fairly
regularly at that time. This condition also exists during days of severe
magnetic disturbances when the f¥, is especially low and Ay, is ab-
normally great in these latitudes. Sporadic E reflections frequently
control long-distance transmissions both day and night. Good sporadic
E reflections often provide intense signals at high frequencies and some-
times at ultra-high frequencies. These reflections are very common
during the summer but occur at irregular intervals. The irregularities
are both geographical and temporal.

For frequencies near the critical frequency the virtual heights in-
crease rather rapidly and are considerably greater than the minimum
values shown in the graphs, but undergo similar diurnal and seasonal
variations. Since this is so the virtual height diminishes as the angle
of incidence increases for a given frequency and the angles-of incidence
for several paths cannot be calculated from a single virtual height.
Therefore a knowledge of the actual variation of the virtual height
with frequency is necessary in order to calculate accurately the maxi-
mum usable frequency or the skip distance. In the interests of brevity
the variations of virtual heights with frequency are not presented
here but typical examples may be found in many of the papers on the
ionosphere.

The following table gives a conservative estimate of the factors by
which the normal incidence eritical frequency may be multiplied to
obtain approximately the maximum usable frequency over long dis-
tances, 2500 kilometers or more.

NormalElayer.. ... ... 4%
SporadicE... ... .. 5
F; layer (winter day and summer sunset). .. ............... 2%
Folayer (summerday). ....... ..o 2
© Flayer (summer and winter night). ....................... 21

Reception measurements indicate that these values may be modi-
fied by the slope of the land, near the transmitter or receiver, in the
path of the wave. The reason for this is that the slope of the land
affects the distribution of intensity of the energy transmitted or re-
ceived in a given vertical plane, especially at low angles.
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Critical Frequency

In contrast to the effect of absorption, the ionization density,
measured by critical frequency, largely determines the minimum dis-
tance range and maximum frequency for practical high-frequency
radio communiecation.

Because of the high f?z and the low fg during the winter day, the
highest frequencies are transmitted by way of the F, layer at this
time. During the summer day, however, f};z is much lower and fg is
higher than in winter so that the band of frequencies which can pene-
trate the I& layer and be returned by the F; layer is very small or non-
existent. This effect is increased for the reason that kg, is greater in
summer than in winter. Hence most long and medium distance trans-
mission during the summer is by way of the I layer. The frequent
occurrence of sporadic I reflections during the summer, both by day
and by night, increases the likelihood of such transmission. In general
it should be noted that the probability of I layer transmission over
long distances is greater than over short distances of a few hundred
kilometers, other things being equal.

The I layer is capable of reflecting higher frequencies during the
winter day than at any other time. This condition exists for a period
of seven or eight hours, centered at about 1300 local time at the place
where the wave strikes the layer. The most favorable time for trans-
mission to the west is thus later than for transmission to the east. In
the summer, however, the F; layer can reflect higher frequencies for a
period of seven or eight hours around sunset at the place where the
wave strikes the layer than at any other hour of the day. The period
of lowest fr and consequent lowest maximum frequencies which can
be reflected from the F layer occurs about an hour before sunrise, both
summer and winter. Because of the slow decrease of fy during the late
summer evening, I transmission of higher frequencies is more likely
then than during the late winter evening.

Normal E transmission will take place at the highest frequencies -
around noon local time. Sporadic E reflections are especially useful for
transmission in the summer morning and evening.

The F; layer is normally useless for transmission save for short dis-
tances and for a very limited band of frequencies, and does not need
to be considered from a transmission standpoint. The reason for this
is that fr, is not sufficiently above fg for a wave to penetrate the E
layer and be reflected from the higher F; layer, at least at fairly large
angles of incidence.

For single reflection transmission the controlling portion of the
ionosphere is halfway between the terminal points. For multireflection
transmission the ionosphere along the entire path, except for that por-




wo

Gilliland, Kirby, Smith, and Reymer: Ionosphere Characteristics 839

tion within several hundred kilometers from the terminal points,
must be considered. .

From the critical frequency graphs of Figs. 1 to 15, the year-to-
year ratios of useful transmission frequenecies as well as the ratios of
normal incidence eritical frequencies for each month may be obtained.
The long-time increase is apparent for all the regions, and is believed
to be associated with the eleven-year sunspot cycle. When allowance is
made for the seasonal variations, fe and fr, are seen to have increased
by a factor of about 1.3, during the period of these observations. Dur-
ing the same period the fr, increased by a factor of about 1.9. The effect.
of the general increase in critical frequencies is to raise the maximum
usable frequencies proportionally and also to increase the absorption
on the medium high frequencies. This means that the most effective
frequencies for transmission have increased along with the increase in
sunspot activity and may be expected to continue to increase until the
sunspot maximum is reached. The sunspot minimum was during the
winter of 1933-1934 and the next maximum is expected about 1939.

It should be emphasized that these results are averages and repre-
sent data taken systematically and over a long period of time at Wash-
ington, D.C. Reports® from Watheroo, Australia, and Huancayo,
Péru, indicate that ionosphere conditions are different in the southern
hemisphere. Much more comprehensive data will have to be obtained
from other latitudes, especially from higher latitudes, before a world-
wide picture of the ionosphere may be found. For purposes of trans-
mission, however, the ionosphere may be considered as essentially
uniform, at least over a range of latitude somewhat exceeding that of
the United States.

It is believed that current information on ionosphere conditions is
of sufficient interest to warrant publication of the future data monthly.
It is planned to do this in the form given in Figs. 13 to 15 inclusive.

VI. TRANSMISSION IRREGULARITIES

Two types of transmission irregularities, which are not shown on
the average curves, have been observed.

The first type has occurred during fairly severe magnetic storms
when the f%, has been observed to be lower, the hr, higher, and absorp-
tion greater than normal during the night of and the day following the
local magnetic disturbance.”8 During a period of such magnetic dis-

¢ L.V.Berkner, H. W. Wells, and S. L. Seaton, “Characteristics of the upper
region of the ionosphere,” Terr. Mag., vol. 41, p. 173; June, (1936).
<~ 78.8. Kirby, T. R. Gilliland, E. B. Judson, and N. Smith, “The ionosphere,
sunspots and magnetic storms,” Phys. Rev., vol. 48, p. 849; November 15, (1935).
¢ 8. 8. Kirby, T. R. Gilliland, N. Smith, and S. K. Reymer, “The ionosphere,
solar eclipse and magnetic storm.” Phys. Rev., vol. 50, p.258; August 1, (1936).
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turbances the maximum usable frequency was much less than during a
magnetically quiet period. A second type of irregularity is the “fade-
out,”®1%1 g sudden wiping out of practically all high-frequency sky-
wave transmission for periods of a few minutes to about an hour. This
is caused by a sudden increase in absorption in the lower regions of the
ionosphere—the E layer or below—due to a sudden increase of ioniza-
tion. This effect is accompanied by a sudden brief disturbance of the
earth’s magnetic field. The cause of these phenomena is a burst of radia-
tion from a sudden solar eruption. No relation has been observed be-
tween this effect in the lower ionosphere and the magnetic storm effect
in the higher ionosphere, as entirely different regions of the ionosphere
are concerned.
VII. CoNcCLUSIONS

The general form of the diurnal and seasonal variations of the criti-
cal frequencies and virtual heights has recurred from year to year.
The daytime critical frequencies of the E and F; regions were symmet-
rical about noon reaching a diurnal maximum at noon and a seasonal
maximum in midsummer. The diurna: maximum of f3, occurred at
about 1300 local time in the winter and at about sunset in the summer.
The diurnal maximum in winter was much greater than in summer.
The diurnal minimum in both winter and summer oceurred about one
hour before sunrise. The critical frequency decreased much more
rapidly during the winter evening than during the summer evening,.

In addition to the seasonal variations there has been a continuous
long-time increase of critical frequencies associated with the eleven-
year sunspot eycle. It was pointed out that this effect increased the
upper limit of useful transmission frequencies determined by penetra-
tion of the ionosphere and also increased the lower limit of useful
transmission frequencies determined by absorptlon in the lower iono-
sphere.

Finally, for practical applications, it should be emphasized that
the absorption, virtual heights, and critical frequencies of all portions
of the ionosphere traversed by the waves must be considered in deter-
mining transmission conditions-over a given path.

9], H. Dellinger, “Confirmation of cosmic phenomenon,” Science, vol. 82,
p. 548; December 6, (1935).

W H, Delhnger, “High-frequency fadeouts continue,” QST, vol. 20, p. 37;

June, (1936)

J. H. Dellinger, “Direct effects of particular solar eruptions on terrestrial
phenomena,” Phys. Rev vol. 50, p. 1189; December 15, (1936).
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A MULTIPLE UNIT STEERABLE ANTENNA FOR
SHORT-WAVE RECEPTION*

By

H. T. Frus anp C. B. FeLomMan
(Bell Telephone Laboratories, Ine., New York City)

Summary—This paper discusses a recetving system employing sharp vertical-
plane directtvity, capable of being steered to meet the varying angles at which short
radio waves arrive at @ recetving location. The system is the culmination of some four
years effort to determine the degree to which receiving antenna directivity may be
carried to tncrease the reliability of short-wave transatlantic telephone circuits. The
system consists of an end-on array of antennas, of fized directivily, whose out-
puls are combined in phase for the desired angle. The antenna outpuls are com-
ducted over coaxial transmission lines to the recetving building where the phas-
ing is accomplished by means of rotatable phase shifters operaling at intermediate
frequency. These phase shifters, one for each anienna, are geared together, and
the favored direction in the vertical plane may be steered by rotating the assembly.
Several sets of these phase shifters are paralleled, each set constituting a separately
steerable branch. One of these branches serves as an exploring or monitoring circuit
for determining the angles at which waves are arriving. The remaining branches
may then be set Lo receive al these angles. The several recetving branches have common
automatic gain control and thus provide a diversity on an angle basis. To obtain the
Sfull benefit of the angular resolution afforded by the sharp directivity, the different
transmisston times, corresponding to the different angles, are equalized by audio
delay networks, before combining in the final oulput.

The experimental system, located at the Bell Telephone Laboratories’ field
laboratory near Holmdel, New Jersey, is described. This system comprises six
rhombic antennas extending three quarters of a mile along the direction to England.
Two recetving branches, in addition to a monitoring branch, are provided. Experi- -
ence obtained with this system since the spring of 1935 is discussed. The benefits
ascribable to it are (1) a signal-to-noise improvement of seven to eight decibels, re-
ferred to one of the stz antennas alone, and (2) a substantial quality tmprovement
due jointly to the diversity action and the reduction of selective fading.

While a three-quarter-mile short-wave antenna system is an unusually long one,
the steerability feature permits the employment of considerably more directivity,
afforded by further increasing the length. A system two miles long is believed to be
practicable and desirable. It could be expected to perform more consistently better than
the three-quarter-mile trial installation, and should yield a signal-to-noise improve-
ment of twelve to thirteen dectbels referred to one rhombic antenna. With the object
of predicting the performance of larger systems, the performance of the experimental
system 1s examined in great detail and compared with theory. o :

I. InTRODUCTION
OR more than a decade, point-to-point short-wave radio services
have employed directional antennas both in transmitting and
receiving. Transmitting antenna directivity results in increased
field intensity at the receiving location and receiving antenna directiv-

* Decimal classification: R320. Original manuscript received by the Insti-
tute, April 20, 1937. Presented before Silver Anniversary Convention, New York
City, May 10, 1937.
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ity discriminates against noise. Both directivities improve the signal-
to-noise ratio of a given circuit and permit operation under more ad-
verse transmission conditions. Arrays of simple antennas as well as
extensive configurations of long wires have been used to produce these
directivities in both the vertical and the horizontal planes.

Antennas in present use on the longer circuits, such as the New
York-London telephone facilities represent about the limit of fixed
directivity. Further increase or “sharpening” of the directivity would
seriously encroach upon the angular range of directions which are
effective in the propagation of waves from transmitter to receiver.
The vertical angle range useful in transmitting and receiving short
waves is considerable. The horizontal range is appreciable although
considerably less than the vertical range. To confine the principal
antenna response to only a portion of these ranges penalizes the circuit
when that portion is ineffective. '

Much experience and considerable statistical data have been ob-
tained which determine this useful range of directions for the New
York-London circuits, and antennas have been designed in conformity
with these results. However, too much weight must not be given to
statistical results which indicate, for instance, that ninety per cent of
the time the effective angles are, say, in the range from ten to twenty
degrees. For, if the remaining ten per cent includes much of the time
that has been lost with existing facilities, an antenna designed for a
ten- to twenty-degree response may really be of no value, or even
detrimental as a means of extending the usefulness of the circuit.
Owing to the great variability in conditions on the north Atlantic
path and to the relatively small amount of significant data which has
been accumulated during times when gain is most needed it might be
detrimental to carry fixed directivity further than present practice
has adopted.! )

If, however, the directivity can be varied or “steered” to meet the
various conditions imposed by nature, a new field is opened in which a
new order of antenna sharpness and gain is possible. In addition to the
gain in signal-to-noise ratio afforded by directivity, a reduction in
selective fading is possible if the sharpness is increased to the point
where a separation of differently delayed waves is achieved. As early
as 1927, Edmond Bruce?® found remarkable reductions in short-wave

! One way of attacking the problem of obtaining increased antenna gain
has been proposed by John Stone Stone in U. S. Patent 1,954,898, This patent
relates to fixed antennas but has certain features, such as delay equalization, in
common with the system to be described in this paper.

? K. Bruce “Developments in short-wave directive antennas,” Proc. L.R.E.,
vol. 19, pp. 1406-1433; August, (1931). .

¢ E. Bruce and A. C. Beck “Experiments with directivity steering for fading
reduction,” Proc. I.R.E., vol. 23, pp. 357-371; April, (1935).

——— F




Frits and Feldman: Steerable Antenna 843

fading by using a receiving antenna having an extremely sharp direc-
tional pattern. The successful employment of sharp directivity is, of
course, predicated upon considerable stability of wave directions. The
" experiments reported by R. K. Potter* in 1930 suggested that short
waves are propagated in a more or less orderly manner and that stable
wave directions might exist. Later experiments,® made in co-operation
with the British Post Office, using pulse transmission to resolve angles
in time, gave confirming data and demonstrated clearly the physical
facts upon which is based the system to be described in the present
paper. These fundamental facts, outlined in the paper describing the
experiments just mentioned, are recapitulated here because a clear
understanding of their nature and significance is an essential introduc-
tion to the subject in hand. In the pulse tests it was found that:

“1. To the extent that we have been able to resolve the propagation
into separate (vertical) angles, the separate angles are found not to
be erratic; they vary slowly.

“9. There appears to be at least a qualitative relation between angle
and delay; the greater the delay the greater the angle above the hori-
zontal.

“The existence of the many waves of different delay, which is
known to make fading selective with respect to frequency, greatly im-
pairs the quality of a short-wave radiotelephone circuit. . .. The
experimental facts, tentatively established, that individual wave angles
are fairly stable and that waves of different delay invariably possess '
different vertical angles, make this problem hold considerable promise.

“The simple antennas described . . . are suitable for angle determi-
nation because of their ability to reject a single wave but they are not
in general suitable for quality improvement. For such studies it would
be preferable to construct a more elaborate antenna whose directional
pattern has a single major lobe which is steerable in the vertical plane.
Such an antenna would aim to select a narrow range of angles in which
oceur waves of substantially the same delay.”

The present paper describes a steerable antenna receiving system
of the general character suggested by the above quotation, and which
has been in experimental operation at the Holmdel, New Jersey, field
laboratory of the Bell Telephone Laboratories for the past two years.
Certain other important features are incorporated in the system, no-
‘tably an arrangement whereby individual wave groups arriving at
different vertical angles are received separately and, after separate
delay equalization, combined, thereby incorporating a unique form of

+ R. K. Potter “Transmission characteristics of a short-wave telephone
circuit,” Proc. I.R.E., vol. 18, pp. 581-648; April, (1930).

5 Friis, Feldman, and Sharpless “The determination of the direction of
arrival of short radio waves,” Proc. L.LR.E., vol. 22, pp. 47-78; January, (1934).
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diversity. Another important feature possessed by the system is its
frequency range which permits operation on all of the frequencies used
in short-wave transatlantic services. '

II. PRINCIPLES OF STEERING ANTENNA DIRECTIVITY
An old and elemental type of steering of receiving antenna direc-
tivity is found in direction finders. The steering of a directional lobe
as distinguished from the steering of a null has been accomplished in
recent years. Schelleng® reported a moderate degree of horizontal plane
steering, accomplished by means of phase shifters. Jansky’ has ob-
tained horizontal steering by bodily rotating an entire broadside array.

“~

===

N
t
!
I
I
|
[
|
|
|
|
[
L

/ e =%

TRANSMISSION LINES /

: Fig. 1—A steerable antenna array using variable phase shifts ¢, 2¢, 3¢, etc.
The transmission lines indicated by broken lines are assumed to be of zero
length. o is the spacing in free space wave lengths.

Bruce and Beck?® obtained vertical steering by varying the shape of a
rhombic antenna by means of ropes, and demonstrated the value of -
steering in the reduction of selective fading. The present authors® have
employed rotatable phase shifters to steer the nulls in the directional
patterns of two spaced antennas. In that work the value of the rapid
adjustments possible with phase shifters was very apparent. In the
linear end-on MUSAS system to be described rotatable phase shifters
are again employed to steer the vertical response.?

In Fig. 1 is shown a schematic representation of a linear end-on
array of N equally spaced unit antennas in free space. The antennas are
indicated by the numbered points. For simplicity it is assumed, in the

8J. C. Shelleng “Some problems in short-wave telephone transmission,”
Proc. L.R.E., vol. 18, pp. 913-938; June, (1930). o

" K. G. Jansky “Directional studies of atmospherics at high frequencies,”
Proc. I.LR.E., vol. 20, pp. 1920-1932; December, (1932).

¢ The word MUSA is. coined from the initial letters of “multiple unit steer-

able antenna.”
® U. 8. Patent No. 2,041,600.
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following preliminary analysis, that the antennas are spaced far enough
to be substantially isolated from each other. Choosing antenna No. 1
for reference and considering a plane wave arriving at an angle § with
the axis of the array, it is clear that the output of No. 2 will add in
phase with that of No. 1 if the phase advance ¢ is made equal to
2mac/v—2mwa cos 8, where ¢ = veloeity of light and »=the phase velocity
of the transmission lines. Similarly, the output of No. 3 will add to that

Fig. 2—Airplane view of the three-quarter-mile experimental MUSA on the
receiving laboratory site located near Holmdel, New Jersey. The white line
beneath the antennas is the newly filled trench in which coaxial transmission
lines are buried. The building appearing in the right-hand foreground houses
the receiving apparatus. The ground is flat to within +4 feet.

of No. 1 and No. 2 if its phase is advanced 2¢, etc. If the spacing, a), is
sufficient there will be other angles for which the N outputs add in
phase; at intermediate angles the outputs interfere with the result that
zeros and minor maxima oceur. By properly designing the unit antenna,
the undesired maxima may be suppressed. ’ '

In the Holmdel experimental system the unit antennas are of the
rhombic type. An aerial view of the six antennas, which are located on
the great circle through England, is shown in Fig. 2. These six anten-
nas, combined as in Fig. 1, yield polar directional patterns such as
those shown at the top of Fig. 3. The solid line pattern and the dashed
line pattern correspond to different values of the phase shift ¢. The




846 Frits and Feldman: Steerable Antenna

multiple phase shifts of Fig. 1 are obtained by gearing the phase shift-
ers to a common shaft which enables the directional pattern to be
steered simply by rotating the shaft.

Thus far we have discussed the problem of sharp steerable direc-
tivity from the point of view of a single plane wave, whereas it is well
known that multiple ionosphere reflections usually produce several
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Fig. 3—Schematic diagran-x of the experimental MUSA receiv-er. The five phase
shifters ¢,, ¢, ete., of each branch, are geared to a shaft to provide the
phase shifts ¢, 2¢, 3¢, ete., of Fig. 1. The inset at the top shows the diree-
tional patterns of the two branches when steered at angles of 12 and 23
degrees, at a wave length of 25 meters.

more or less discrete waves, or bundles of waves, having different verti-

cal angles and different transmission delays. To obtain the maximum

advantage, however, requires that all of the several wave bundles be
separately received and suitably combined after the transmission de-
lays have been equalized. The achievement of this objective not only
yields the ultimate gain in signal-to-noise ratio but at the same time
reduces the distortion assoctated with selective fading.

The method of obtaining sharp steerable directivity by combining
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the output of fixed antennas through phase shifters makes it possible
to use the same antennas and transmission lines to provide several
separately steerable lobes each of which is in effect an independent
MUSA.Y In the experimental system, shown schematically in Fig. 3,
the antenna outputs are combined at intermediate frequency, and the
separately steerable lobes are obtajned by branching each of the six
first detectors into three phase shifters and combining the outputs of
the phase shifters to form three steerable branches. One branch is
used continuously to explore the angle range to determine at which
angles the waves are arriving. The other two branches are set accord-
ingly and their outputs are “received” by conventional receivers, with
common automatic gain control. The demodulated audio outputs are
equalized for difference in transmission time and then combined. A
cathode-ray oscilloscope displays the output of the exploring or moni-
toring branch. It plots amplitude (provided by a linear rectifier) as
the ordinate, against phase shift ¢, (corresponding to ¢ in Fig. 1). The
screen of the oscilloscope is of the retentive type and thus displays
several consecutive sweeps at once. A pattern corresponding to two
waves is illustrated. The other cathode-ray oscilloscope is used in the
adjustment which equalizes the delay of the two waves. Delay is added
to the low angle branch until the oscilloscope shows a line (or compact
elongated figure) which oscillates between the two axes as the two
waves fade differently. This means that all of the audio frequencies
of one branch are combining in phase with those of the other.

The above brief description was introduced to acquaint the reader
with the essentially simple features of the MUSA system. Before de-
scribing the details and the results obtained with the experimental
system, a more comprehensive analysis of steering principles will be
given.

Returning to Fig. 1, it is assumed, of course, that the transmission
lines are terminated in their characteristic impedance at the receiving
terminal (the phase shifters of Fig. 1) so that the phase is distributed
linearly along the lines. Neglecting line loss (or equalizing it), the N
currents, equal in magnitude and different in phase, are

’L.l = Jef!
2.2 — Iez'(mt+¢—21ra(v—cosr$)]
is = Iej(wt-{-z[d:—mm(v—cosﬁ)], (1)

7:N — Iej{wt-{-(N—l)[¢—27ra(v—co:'5)]}

10 R. K. Potter, U. S. Patent No. 2,030,181.

11 Noncharacteristic terminations at the receiving ends of the lines are per-
missible if all terminations are identical and if the antennas are matched to the
characteristic line impedance. Conversely, characteristic terminations at the
receiving ends suffice if the antenna impedances are merely identical.
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where,
1=instantaneous current in exponential notation
o=angular frequency
N =total number of unit antennas
a=spacing in free space wave lengths
v=c/v=the ratio of the velocity of light to that of the transmission
line.
The sum of the N currents is

A = IEJ“‘”{]- + e]'[<{>—21ra(v~-cosﬁl + - e . + ei(N—l)[d>~27ra(v~cos$)]} . (2)

This exponential series may be evaluated with the aid of ‘the
identity?? ‘

no
sin —
o . 2 (n—10
1+ e+ 20 L ... + eitn—18 = el 5
g 2
' : gin —
2
Using this summation we have
. sin > [¢ — 2ma(v — cos §)]
A — I Ei{wH—(N—I)/‘Z[¢—27ra(v—cosé)]} B (3)

1
sin o [¢ — 2ma(v — cos 8) ]

The amplitude of 4 in (3) is the array directional pattern or array fac-
tor. It is zero when the numerator alone is zero, i.e., when

[¢ — 2ma(v — cos 6)] # 0, £ 7, + 2r - - - and simultaneously

[¢ — 2ma(v —cos 8)] =0, + 7, + 27 - - -,

wlz 2o | =

It attains its maximum value of NI when the denominator and nu-
merator are zero simultaneously, i.e., when .

[¢ — 2ma(v —cos 8)] =0, + 7, + 27 - - - and

1\3|2M]»—a

[¢ — 2ma(v — cos 8)] = 0, + 7, &+ 27 - - -

2 This identity may be deduced by substituting ¢ for r in the well-known
formula for the sum of a geometrical progression
rn—1

Itrridrit - frrl=——0n

—1
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Plots of (3) for ten unit antennas (N =10) spaced five wave lengths
(a=5) are shown in Fig. 4 for two arbitrary values of ¢. The same

- array used at twice the frequency (N =10, a=10) has the directional

patterns shown in Fig. 5. The abscissas are labeled earth angle al-
though nothing has been said thus far concerning the disposition of the
N antennas with respect to the earth. In order that the simple multiple
phase shifts of Fig. 1 shall suffice to steer the array, reflection from the
ground must affect the phase of all antenna outputs identically. This
is assured by constructing the array over, and parallel to, a flat expanse
of ground. Since the angle § measures the direction of the wave referred
to the direction of the array axis the array factor represents a surface
of revolution. Figs. 4 and 5 show merely axial cross sections which, for
a horizontal array, may be considered vertical plane patterns.

Equation (3), as well as Figs. 4 and 5, shows that the sharpness of
the principal lobe depends upon the total length of the array in wave
lengths, i.e., upon Na, while the angular spacing of adjacent principal
lobes depends inversely upon the spacing “a.” Thus, a single lobed pat-
tern results if the array consists of a large number of closely spaced
units.

A single lobed pattern is desirable, but to obtain it by using a large
number of unit antennas!® with separate transmission lines and phase
shifters would be a rather extensive undertaking. Provided a restricted
range of steering is permissible, a simpler solution is to employ com-
paratively few large unit antennas and to let their directional pattern
suppress the undesired principal lobes of the array pattern. Useful
angles for transatlantic circuits are confined to the range from zero,
or some low undetermined limit, to some higher limit. In what follows
let 8., represent an angle a little above the useful range so that a null
may be located at 6, without imposing an excessive loss. The array may
then be designed so that when the first principal lobe is steered at zero
angle the second falls at 6, or beyond. The question of whether the
array design permits the construction of a suitable unit antenna in
the length a) allotted to it is considered in the following paragraph.
As a matter of fact, this analysis closely follows the actual steps in the
development of the MUSA system. c

Turning back to the ideal system comprising a very large number
of closely spaced unit antennas, which yields the single lobed pattern,
let us divide the antennas into N groups with » antennas in eaeh group.

13 The reader may observe that the reduction of the spacing would, if
carried so far asto make “a” a fraction of a wave length, violate the assumption
that there is negligible reaction or coupling between unit antennas. As stated,

this assumption is made in the interest of simplicity. It is theoretically possible
to compensate for coupling between antennas so that (1), (2), and (8) still hold.

=
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Fig. 5—Plots of the array factor for a 90-wave length array;
that of Fig. 4 used at twice the frequency.
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Calling the group spacing “a” and the phase shift between adjacent
antennas ¢ the application of (38) gives, dropping the exponential

factor,
. nN a
sin —| ¢ — 2r — (v — cos )
2 n
A = . 4)
1 a
sin —[d) — 27 — (v — cos 6)]
2 n

Multiplying numerator and denomindtor by

n a
sin — [¢~27 — (v—rcos §)]
2 n

results in

.on a
sin ——[¢> — 2 — (v — cos 6)}
2 n

Al = —
1 a

sin—| ¢ — 2r — (v — cos §)
2 n

sin o [n¢ — 2malv — cos §))

(5)

1
sin —Z—[ndﬂ— 2ralv — cos 6)1\

Equation (5), which appears as the product of two array factors, is
merely another way of writing the array factor for the large number
(Nn) of unit antennas. The first factor represents an array of n “sub-
unit” antennasof spacing a/nand phase shift ¢. The second represents
the array of these arrays with a spacing of a\ and a phase shift ne.

"We now proceed to treat these two factors independently and assign

the values ¢; and ¢, to replace ¢ and né, respectively. Fig. 6 depicts
such an array of arrays. If now we regard the array of n subunits as
constituting a fixed unit antenna and adjust it to receive at zero angle
(by putting ¢;=2ra/n(v—1) in accordance with the lower limit of the
useful range, we obtain

n

A// — X . (6)
1 a 1
sin E[Qﬂ- — (1 — cos 5):‘ sin ) [¢, — 27a(v — cos §)]

7

n a N
sin ?[fh — (1 — cos 5)1\ sin 5 [¢. — 2ma(v — cos 8)]

The first factor in (6) represents the pattern of the unit antenna.
It is a relatively broad single lobed pattern with maximum response
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at §=0. It drops to zero at 6= cos (1 — 1/a). For higher angles nothing
but minor maxima occur since “a” is small and » is large. The second
factor represents the steerable array pattern of the N unit antennas.
With ¢, adjusted for maximum response at zero angle (this makes
¢,=nd,) this system is identical with the array of N subunits. In
this case, all principal lobes of the array factor for the N units, except-
ing the first, coincide exactly with'nulls of the array factor for the »
subunits, and the familiar tapered distribution of minor maxima asso-
ciated with the array of Nn subunits results. As ¢, is varied to steer
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Fig. 6—A steerable array formed by dividing the antennas of Fig. 1 into N
groups of n each. The subscripts “f” and “v” refer to fixed and variable
phase shifts.

for other angles than §=0, the coincidence of nulls and undesired
principal lobes no longer occurs. Since, however, the fixed unit antenna
has only minor response beyond its first null, those undesired principal -
lobes are adequately suppressed, and the array may therefore be
steered anywhere within the range from §=0 to s=cos™!(1—1/a),
with single lobed response. As the principal lobe is steered away from
§=0 the maximum amplitude falls off in comparison with that of the
array of Nn subunits. This represents a loss of signal-to-noise ratio and
is to be regarded as a penalty for compromising to the extent of using
fixed arrays as unit antennas. The loss is appreciable, however, only
if the array is steered near the upper cutoff angle of the unit antenna.
It remains but to select “a” so that cos™'(1—1/a) represents the upper
limit of the range, 5.

For a fixed physical spacing, “a” varies inversely with the wave
length, which results in an increasing steering range with increasing
wave length. Since the critical angle of reflection from the ionosphere
increases with wave length the upper limit of the range of useful




Frits and Feldman: Steerable Antenna 853
angles can be expected to increase also. By seleeting the proper spacing,
the steering range and the critical angle can be made to agree satisfac-
torily. Fig. 7 shows a plot of 6=cos™*(1—1/a) against wave length for
the unit antenna spacing of 200 meters which was adopted for the ex-
perimental MUSA system to be described. The points denote upper
limits of earth angles obtained from measurements made during the
years 1933-1936 on signals from Rugby® and Daventry, England.
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Fig. 7—Measured upper limits of vertical angles as a function of wave length,
compared with the upper limit of the array depicted in Fig. 6. The measured
values represent the highest angles observed; usually stronger waves of
lower angles predominate.

The foregoing analysis shows that

(1) A MUSA system may be so proportioned that the upper limit
of its steering range follows, with fair accuracy, the upper limit of the
range of useful angles, as the wave length is varied.

(2) It is theoretically possible to construct a suitable unit antenna
in the space provided for it when (1) is satisfied.

III. DescripTIiON OF THE EXPERIMENTAL MUSA SYSTEM

Antennas and Transmission Lines

Any type of unit antenna whose directional pattern suppresses
the undesired principal lobes over the required wave length range is
basically suitable for use in a MUSA system. The rhombic antennalt
does not fulfill this requirement as well as the linear array of subunits

14 Bruce, Beck, and Lowry “Horizontal rhombic antennas,” Proc. I.R.E.,
vol. 23, pp. 24-46; January, (1935).
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discussed in the preceding section. It was, however, selected on account
of its advanced state of development. The manner in which it fits
into the MUSA array factor will be discussed later.

The coupling or “cross talk” between antennas need not be of neg-
ligible magnitude in a MUSA system. For, to a first approximation,
the coupling is confined to adjacent antennas and is similar for all
pairs so that only the end antennas could be expected to fail to combine
properly with the others. At the ends, “dummy” antennas, not con-
nected with the receiver but terminated like the others, could be
erected to supply the coupling necessary to make all antennas alike.
Measurements made on the experimental MUSA (Fig. 2) indicated -
that the cross talk is small enough to be neglected, however, so that
dummy antennas ahead of or behind the six regular ones were consid-

ANTENNA TERMINATION MATCHED
RESISTANCE OSCILLATOR

\

1 0o
08 > 2

‘ MATCHED LOAD
W 20 METERS

200 METERS —— =

Tig. 8—Measurements of cross talk between adjacent antennas in the
MUSA as made from the transmitting point of view.

ered unnecessary. The performance of the system in subsequent tests
corroborates this conclusion. )

The cross talk measurements yielded the results indicated on Fig.
8. The small amount of cross talk current (0.001 I) measured at the
transmission line end of the forward antenna (No. 2) and the larger
current (0.16 I) at the other end reflects the fact that the rhombic
antenna is “unidirectional.” To a first approximation the current in
such an aperiodic antenna accumulates progressively towards the out-
put end. Therefore, the “effective” cross talk current is probably less
than (0.16 74-0.0017)/2=0.08 I, i.e., the effect upon the field radiated
in the principal lobe will be altered by less than ten per cent due to the
parasitic excitation of the antenna ahead. Antennas farther ahead as
well as those behind contribute relatively nothing.

Since, by the reciprocal theorem the directional pattern of any
antenna is the same for transmitting and receiving, the cross talk
should likewise result in less than 10 per cent effect in the receiving case.

The measurements of Fig. 8 were made at 18 megacycles. At this
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frequency the rhombic antennas are proportioned to give maximum
radiation approximately end-on. At lower frequencies the cross talk
is probably less.

The coaxial transmission lines are constructed of 60-foot lengths of
one-inch copper plumbing pipe spliced with screw type plumbing
unions. The inner conductor is one-fourth:inch in diameter and is
supported by isolantite insulators. The characteristic impedance of
the lines is 78 ohms. The lines extend up the poles where they are con-
nected to the antennas through balanced-to-unbalanced matching
transformers.”* At the receiving building the lines terminate on a spe-
cial jack strip. Nitrogen pressure is maintained in all lines to exclude
moisture.

130
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Fig. 9—Impedance measurements made upon the 1000-meter line terminated
in a resistance of 78 ohms. The reactance is expressed as shunt capacitance,
negative values meaning an inductive reactance numerically equal to the
corresponding capacitive reactance.

In order to aperate the MUSA system it is not essential that the
velocity of the transmission lines be known. The velocity must be
known accurately, however, in order to determine the angle of the
waves as they are selected by the steerable lobe. Accordingly, the veloc-
ity was calculated (taking the insulators into account) and also meas-
ured. The calculated ratio of the line velocity to the velocity of light
is 0.941; measurements yielded 0.933 £0.004. Using the value of
0.933, angles less than zero have occasionally been measured. A value
of 0.937 would have made the lowest indicated angle just zero.

The longest line is about 1000 meters in length. Its impedance meas-
ured at one end when the other end is terminated by a resistance of
78 ohms shows some variation as the frequency is varied. In Fig. 9
are shown the results of impedance measurements made by substitut-
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ing for the line an equivalent parallel combination of resistance and
reactance. The two notable variations occurring at approximately 7.7
and 15.4 megacycles are believed to be caused by a slight irregularity
at each joint, which adds a shunt capacitance of the order of 1.8 micro-
microfarads. When spaced regularly at 60-foot intervals these capaci-
tances have a somewhat cumulative effect at frequencies for which 60
feet (18.3 meters) is a multiple of the half wave length. Sixty feet, when
increased by the line velocity ratio, corresponds to 7.7 and 15.4 mega-

ADJUSTABLE INTERMEDIATE
COUPLING FREQUENCY
CONDENSER CIRCUITS
PARALLEL—BALANCED TO BRANCH A

DETECTOR TUBES PHASE SHIFTER

TO BRANCH B
- PHASE SHIFTER
7 T
] SINGLE ' TUNED = gg[]
& - CIRCUIT
N T COAXIAL
l\.l PATCH CORD =
TO BRANCH C
o )
ﬁ] COAXIAL PLUGS | I PHASE SHIFTER
AND JACKS

ANTiNNA gg[fj‘

Fig. 10—Input circuit, first detector, and first 1ntermed1ate—
frequency tubes.

cycles. Clearly, line sections which are not short compared with the ‘
shortest wave length should be made unequal so that joint irregulari-

ties will not be harmful. The smaller variations of the order of +10
ohms may be due to random eccentricities produced by slight buckling
of the inner conductor between insulators. With the possible exception
of the two large variations this line is sufficiently smooth for use in a
MUSA, as both theory and subsequent experience indicate.

Input Circust and First Detectors

The MUSA system imposes requirements upon the input circuits
and detectors which do not apply to conventional receivers. These
requirements are as follows:

(1) The circuits must suppress standlng waves on the transmission
lines.1s

% This requirement was more easily met than the alternate requirement
nentioned in footnote (11).




Friis and Feldman: Steerable Antenna 857

(2) The phase shift from the transmission line to the phase shifter
stage must be alike in all six circuits, independent of wave length.

In order to simplify the experimental job it was decided to dispense
with the selectivity afforded by high-frequency amplifiers and to use
the simple circuits shown in Fig. 10. The capacitive coupling to the

Fig. 11—Close-up view of high-frequency panel with cover removed. The heat-
ing oscillator supply line originates in the upper right-hand corner. It sup-
plies the six detectors with equiphase and equiamplitude voltages. Plug-in
coils fit into the compartments covered by the six circular doors. Microm-
eter heads which are used to adjust the six tuning condensers appear. The
coaxial patch cords appear at the extremie left.

2 transmission line is a convenient means of matching the low impedance
lines to the high impedance circuits. Plug-in coils (L) are used to cover
the range from 4.5 to 22 megacycles.

The first detectors are of the two-tube balanced type which sup-
presses interference from two signals differing by the intermediate
frequency and isolates the beating oscillator supply from the input
circuits. The latter prevents cross talk between the six inputs, and
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assures independence in the tuning of the input circuits. The beating
oscillator voltage is introduced, at low impedance, between cathodes
" by means of the distributing system of equal length coaxial lines shown
in Fig. 11. This distributing system gives equiphase beating oscillator
inputs to all detectors and makes requirement (2) attainable by having
nominal similarity in the remaining parts of the six circuits.
Requirement (1) is met by feeding a test oscillator of 78 ohms im-
pedance into the first circuit jack and adjusting the tuning condenser

Fig. 12—The standing wave detector comprising 50 feet of 3/8-inch coaxial
line, which may be used to test the correctness of the input circuit ad-
justment. : ‘

and the coupling condenser (Fig. 10) alternately until the maximum

signal voltage appears on an indicating meter in one of the three inter-

mediate-frequency branches. The three-terminal coupling condenser

is an aid in this procedure since varying the coupling imposes only a

slight variation in the capacitance across the coil. When the indicating

instrument is a square-law vacuum tube voltmeter with the main

- eurrent balanced out and the remainder indicated by a 30-microam-

pere meter, the sensitivity is more than sufficient to tune the circuits

correctly.

1 W. A. Harris “Superheterodyne frequency conversion systems,” Proc.
I.R.E., vol. 22, pp. 279-294; April, (1935).
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The criterion of correct tune is the degree of suppression of standing
waves on the transmission lines. To determine whether or not the maxi-
mizing adjustment insures an adequate standing wave suppression, a

standing wave detector was incorporated in the experimental design.
This is shown in Fig. 12. It consists of about 16 meters of 78-ohm
coaxial line arranged in a coil and terminated by the first circuit to be
tested. It is fed at the other end by a test oscillator. Six capacitively
coupled taps are brought to the low capacitance switch shown in the
photograph. The selector arm connects the taps to an auxiliary receiver
with a high input impedance. The absence of standing waves is shown

=

ROGTOR PLATES

Fig. 13—Circuit diagram and vector diagram of the phase shifter. The rotor

giaétlzs are especially designed to give a phase shift proportional to shaft
by equal readings at the six positions. It was found that the maximiz-
ing adjustment results in a standing wave with less than ten per cent
total variation which represents nearly as much suppression as the
smoothness of the line allows. With nominally correct resistance ter-
mination standing waves of five per cent usually occur. For standing
waves not exceeding ten per cent the accompanying phase.distribution
along the line does not depart more than a few degrees from the desired
linear distribution. The use of the standing wave detector in routlne
operation was therefore not required.

Phase Shifters
Of the numerous methods of shifting phase the method™ illustrated
in Fig. 13 is the one chosen for the 18 circuits (3 branches, 6 antennas)
17 .. A. Meacham, U. S. Patent No. 2,004,613.
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of the experimental MUSA. Here points a, b, d, and ¢ have voltages
to ground 90 degrees apart. The potential of point b is IR; that of ¢
is —IR; that of a is jI/wC; that of d is —jI/wC. The resistance R
and reactance 1/wC are made equal at the mid-band frequency so that
four equal voltages, distributed equally over 360 degrees of phase ap-
pear on the four stators of the special condenser. A photograph of this
condenser appears in Fig. 14. Two specially shaped eccentric rotors
mounted in quadrature to each other on the same shaft comprise the
output terminal. It will be noted that voltagesof opposite phase are con-
nected to adjacent stators. Thus, with the rotors in the position shown
dotted in Fig. 13 the output comes from point a since d is not coupled

TmETaas, AL

G
W

[ s
i == RO

Fig. 14—The phase shifting condenser.

and b and ¢ cancel each other. By shaping the two rotors so that the
difference in exposure to opposite stator plates is proportional, respec-
tively, to the sine and cosine of the angle of shaft rotation, the total
current lowing from the two rotors will be constant and of phase pro-
portional to the shaft angle. This is illustrated by the vector diagram
in Fig. 13 in which 8 is the shaft angle and vectors a—d and b— ¢ are
the quadrature rotor outputs proportional to sin 8 and cos 8. )

These phase shifters vary in output by less than +5 per cent as
the shaft is rotated. The departure from linearity of phase shift is
correspondingly small; i.e., less than +5 degrees.

The useful band width of this type of phase shifter is fundamentally
limited by the fact that 1/wC varies with frequency while R does not.
However, this limitation does not appear in the Holmdel MUSA in
which the percentage band width is small because the phase shifters
operate at the intermediate frequency of 396 kilocycles.

The phase shifters are connected to the steering shaft ‘with helical
gears of multiple ratios as shown in Fig. 15. The phase s}lifter shafts
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may be slipped with respect to the main shaft. After they have been
aligned so that locally supplied equiphase inputs to all detectors add
in phase at the point where the phase shifter outputs are combined
they are locked. This adjustment is independent of signal frequency.
Provision is made for adjusting the gain of each of the six phase shifter
circuits so that the differences in transmission-line loss may be com-
pensated and any other desired amplitude adjustments made. The

Fig. 15—Phasc shifting panel of the monitoring branch. Only five of the six
phase shifters are rotated for steering purposes. They are geared to the steer-
ing shaft in ratios of 1:1,1:2,1:3,1:4, and 1:5.

photograph of Fig. 15 shows the monitoring or exploring branch whose
steering shaft is motor driven at one revolution per second.

Before leaving the subject of phase shifting it may be well to dis-
. tinguish between phase shift and delay as here used. All electrical net~
works, except for certain highly distortive ones, possess a phase-fre-
quency characteristic which is such that higher frequencies have their
phases retarded with respect to lower frequencies. The ratio of the
increment of phase retardation to the increment of frequency, i.e., the
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slope of the phase characteristic, is the delay. It is sometimes called
the group delay or group transmission time as distinguished from the
“phase time.”'® The delay is the only time which can be measured. It
does not determine the phase shift of a particular frequency nor is it
determined by the phase shift. A phase shifter applied to the network
merely moves the phase curve intact up or down on the phase axis.

l

Fig. 16—Front view of the MUSA receiving equipment. The high-frequency
bay is at the left and the audio-frequency bay at the right. The branch
receivers are the panels directly above the phase shifting panels. The pulse
receivers appear above these. At the top of the bay containing the monitor-
ing branch equipment are the two oscillogeopes referred to in Fig. 3. The
large tube with the ruled face is the monitofing oscilloscope.

Gleneral Description of the System

The preceding paragraphs have deseribed features which distin-
guish the MUSA system from conventional receiving systems. There
remain to describe several auxiliary features and to present a unified
picture of the whole.

'8 This distinetion is brought out by J. C. Schelleng in a “Note on the deter-
mination of the ionization of the upper atmosphere,” Proc. I.R.E., vol. 16, pp.
1471-1476; November, (1928). .

A general discussion of delay distortion (phase distortion) is to be found in
& symposium appearing in the Bell Sys. Tech. Jour., vol. 14, July, (1930).
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The experimental system was designed for double side-band recep-
tion and all of the results reported in this paper refer to double side-
band. There has recently been completed equipment which may be
substituted for the double side-band equipment for the reception of
reduced carrier single side-band signals. The new equipment may also
be used to select, with crystal filters, one side band of double side-band
signals.

Fig. 17—View showing the six transmission lines and coaxial pateh cords. The
beating oscillator is mounted upon the shelf and is connected to the power
amplifier (which is being adjusted by Mr. Edwards) at the top of the bay.

The delay to be inserted in the low angle branch as indicated in
Fig. 3 is obtained electrically from an audio-frequency delay network.
The delay could theoretically be provided at the intermediate fre-
quency but no advantage would result. The audio-frequency delay
network is a special artificial line composed of forty sections and termi-
nated by its characteristic impedance. Each section has a delay of
68 microseconds. A special switch is arranged to tap a high impedance
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output circuit across any desired section thus providing a delay of 2.7
milliseconds variable in 0.068-millisecond steps. A special equalizing
network!® which makes the transmission loss the same for all steps and
which also equalizes the frequency-loss characteristic so that the re-
sponse is flat to 5000 cycles for all steps is automatically controlled by
this switch. The forty delay sections appear in Fig. 16 just under the

)

Fig. 18—Rear view of the receiving equipment. The six detector outputs feed
the three branches via the square transmission lines.

shelf on the right-hand bay. The maximum delay which has been
required in actual operation is 2.5 milliseconds.

Both linear rectifiers and square-law detectors are provided for
final demodulation and either may be switched into service as desired.
The automatic gain control for use with either demodulator is obtained

1 This network and the delay sections were designed by P. H. Richardson
of Bell Telephone Laboratories, Ine, )
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from linear rectifiers but a different diversity connection is made for
each type of demodulator, in the interest of output volume constancy.
A choice of time constants of 0.06, 0.5, and 4 seconds is provided.

Keys are provided, whose ganged manipulation makes it possible,
among other things, to compare (1) the MUSA output versus any
one of the six antennas connected to one branch receiver, and (2) any
pair of antennas in ordinary diversity using both branch receivers,
versus one antenna using one receiver.
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Fig. 19—Vertical directional patterns of the experimental MUSA.

In addition to the regular branch receivers with a 12-kilocycle
band width and the monitoring branch receiver with a 2.5-kilocycle
band width, two other receivers are provided in the experimental sys-
tem. These receivers have a 30-kilocycle band width and are used for
pulse reception. They are bridged across the inputs of the two regular
branch receivers and are connected to a cathode-ray oscilloscope
through a commutator.?

Various photographs of the MUSA receiver appear with explana—
tory captions in Figs. 16, 17, and 18.
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A family of calculated directional patterns of the experimental
MUBSA is shown in Figs. 19 and 20. At the top of each column is shown
the principal lobe of the vertical directional pattern of the unit
rhombic antenna, calculated in the median plane. Beneath are shown
six vertical patterns of the MUSA, which are obtained by multiplying
the array factor® by the unit antenna pattern. The upper pattern
corresponds to phasing for zero angle. The remaining ones are plotted
for inecrements of 60 degrees of phase.
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Fig. 20—Vertical directional patterns of the experimental MUSA. Note that
the angle scale is half of that in Fig. 19.

o
i

These patterns fall short of the “ideal,” which the reader may have
visualized while reading Section II, in two ways. First, the unit an-
tenna does not suppress the second lobe of the array factor as well
as could be desired. By design, it does so for the short waves but in-
herently fails to do so for the longer waves. Second, the principal lobe
of the unit antenna shifts bodily towards higher angles with increasing
wave length, whereas it is desirable to have only the upper cutoff move

20 Calculated from (3) putting v=1.
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upward while retaining low angle response. Both of these shortcomings
restrict the steering range through which the MUSA is essentially
single lobed. The upward shift with wave length of the unit antenna
response is in fair agreement with the way in which the mean angle
of arrival has been found to vary with wave length and is, on that
account, not altogether objectionable. The Holmdel MUSA employing
such unit antennas represents, however, a considerable departure from
present antennas of fixed directivity designed from statistical data,
and approaches the ideal MUSA steerable over the entire useful angle
range. ‘
The curves as plotted assume that the differences in transmission
line loss for the various line lengths have been equalized in the inter-
mediate-frequency circuits. By slightly tapering the amplitudes so
that the antennas in the middle of the array contribute more than
those near the ends a reduction of the minor lobes has been obtained
at the cost of slightly widening the principal lobe. As a result of this,
the directional discrimination of the experimental MUSA has been
improved. All data and photographic records reported in this paper,
however, were obtained before this improvement was introduced.

IV. Trsts AND GENERAL EvALUATION®
Tests and Experience

Numerous experiments and tests had been carried out on the
various parts of the MUSA system before it was first tuned to a trans-
“atlantic signal. Despite the fact that all tests concurred in predicting
that the system would perform as designed, it was with considerable
gratification that a pattern was observed on the monitoring oscillo-
scope, during one of the early trials, which was almost exactly as cal-
culated for a single wave. Patterns corresponding to two or more
waves in various degrees of resolution were observed from time to
time. To increase the angle resolution, for test purposes, pulses were
transmitted by the British Post Office on several occasions. Turning
the steering shaft during these tests clearly showed the principal lobe
sweeping through the angle range. When fairly discrete pulses were
received the minor lobes could be readily identified. In Fig. 21 is shown
a sample of motion picture oscillograms of pulse reception. T'wo prin-
cipal waves or, more accurately, wave bundles, occurred and were
separated by the two MUSA branches as shown. For details of the
pulse technique employed in these tests the reader is referred to a
previous publication.?

2t The theory and test results of the signal-to-noise advantage are considered
together in Part V. ‘
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Before exhibiting sample motion pictures of typical patterns dis-
played by the angle monitoring oscilloscope and the delay indicator
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Fig. 21—This retouched plate shows pulses received with MUSA. On each
frame time advances from left to right and is measured by the thousand-
cycle timing wave. The center trace shows the output of one MUSA branch
steered at 25 degrees. The bottom trace shows the output of the second
MUSA branch steered at, 32 degrees. Wide band amplifiers for pulse recep-
tion are bridged in parallel with the speech band intermediate-frequency
amplifiers. The transmitted pulses are about 200 microseconds long. GCS
(9020 kilocycles) Rugby, February 25, 1936, at 4:11 P.M., E.S.T.
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oscilloscope, further discussion of the former is desirable. The photo-
graphs of Fig. 22 show the monitoring oscilloscope pattern with a
locally produced equiphase, equiamplitude input supplied to each
detector. This figure illustrates the manner .in which the pattern is
built from the six components after the manner of a Fourier synthesis.
The vertical and horizontal axes visible on the monitoring oscilloscope
in Fig. 16, but which do not appear naturally on the photographs,
were drawn in Fig. 22. As mentioned previously, the oscilloscope sweep
axis represents one revolution of the “fundamental” phase shifter so

- M-

b

)

[ B
Fig. 22—These five frames show the angle monitoring pattern when a local
signal is used to simulate a wave. The bottom frame shows the ideal MUSA
pattern for one wave. The remaining frames show the effect of reducing the
number of antennas from six (1-2-3-4-5-6) to five (2-3-4-5-6) to four (3-4-5-6)
to three (4-5-8) to two (5-6). These films were taken before the amplitude
tapering was introduced. Tapered amplitudes reduce the minor lobes to
about half of the amplitudes shown.
that the beginning and end of the sweep represent the same condition.
The ends of the sweep are arbitrarily fixed to represent zero (or 360)
degrees of phase shift referred to the output of the first antenna, whose
phase is not varied. Consequently equiphase inputs result in a prin-
cipal lobe half of which appears at each end. This would correspond
to a’wave of zero angle if the velocity of the transmission lines was
equal to that of light. For a lesser velocity, zero angle may oceur at
any point on the phase axis, depending upon the wave length. (See
Fig. 28 for a sample angle calibration curve.) The principal lobe as
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well as the four minor lobes of the monitoring oscilloscope represent
the output from one wave as the_'fMUSA is steered through its entire
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Fig. 23—Pictures of the angle monitoring oscilloscope and the delay indicator
tube. The right-hand end of the sweep of the monitoring tube represents
zero phase. The indicated angles.are 8.5 and 20.5 degrees. The MUSA
branches were set at these angles (¢4 =240° ¢p=30°) using 950 micro-
seconds delay. GSE (11,860 kilocycles) Daventry, February 21, 1936,

11:05 A.M,, E.S.T. Musical program.
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range. The oscilloscope pattern, unlike the directional pattern, does
not appear sharper for short wave lengths than for long wave lengths;
the principal lobe is always 120 degrees wide and the minor ones 60
degrees wide on the phase axis. One degree of phase difference, how-
ever, represents a difference in steering angle which depends upon the
wave length and the earth angle. ‘

The samples of motion picture film shown in Fig. 23 represent
fairly typical “two-path” patterns. The camera was focused to include
both oscilloscopes and was manipulated by means of a special step-
by-step crank. The operator endeavored to expose each frame during
one sweep of the monitoring tube. The delay indicator tube shows a
continuous pattern produced by the audic frequencies. A correct delay
setting is indicated by a straight line. Here, with the two branches'
steered at the indicated angles of 8.5 and 20.5 degrees, a delay of 950
microseconds was required to produce the straight line. The diversity
action is apparent in the tilting of this line. When the low angle wave,
which eorresponds to the left-hand peak on the monitoring tube, is
predominant the delay indicator line becomes horizontal and, con-
versely, when the high angle wave is predominant the line approaches
the vertical axis. Automatic gain control is used on the branch re-
ceivers supplying the speech outputs but is not used on the monitoring
branch.

Fig. 24 shows, in samples 1 and 2, reception of two waves which are
just separable by the directivity present in the Holmdel MUSA. The
angles are 15 and 22 degrees and the wave length is 31.6 meters. The
delay used is 400 microseconds. In samples 3 and 4 a third wave of 26
degrees is present. One branch was steered at this wave; the other was
steered at the 15-degree wave and a delay of 1000 microseconds was used.

It is of interest to compare these samples showing the manner in
which the MUSA branch outputs combine, with the samples in Fig. 25
which were obtained with a two-antenna space diversity setup. Six
antennas were retained in the monitoring branch but five were cut
out of each reeeiving branch leaving one antenna to supply each
branch. In samples 1 and 2, antennas 1 and 6 (1000 meters apart) were
retained. In samples 3 and 4, adjacent antennas (Nos. 1 and 2) 200
meters apart were used. These records were obtained about 15 minutes
later than those of Fig. 23 and show the same two waves at 8.5 and
20.5 degrees. No delay was used. Note that the outputs combine in
phase only when one wave predominates. Inserting delay in either
braneh is, of course, not effective in improving the audio combination.
To do so would impair the addition when one wave is predominant
and would not be beneficial when both waves are comparable.
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Fig. 24—Pictures of the angle monitoring oscilloscope and the delay indicator
tube, In films 1 and 2 the indicated angles are 15 and 22 degrees. The
MUSA branches were set at these angles (¢4 =240°, ¢5 =340°) and a delay
of 400 microseconds was used. The time was 3:20 P.M., ES.T. Films 3
and 4 were taken at 3:15 ‘when a third wave of 26 degrees was present.
One branch was sterred at this wave (¢5=250°); the other at 16 degrees
(4 =250°). A delay of 1000 microseconds was requifed. GSB (9510 kilo-
cycles) Daventry, March 10, 1936.




Frits and Feldman:

Steerable Antenna

873

START

vl

END

START

END

START

END

START

END

Fig.

25—This plate, made immediately following that of Fig. 23 shows for
comparison the manner in which.the audio outputs add in two-station space
diversity. The angle monitor shows the 8.5- and 20.5-degree waves as before.
Films 1 and 2 taken at 11:15 A.M., E.8.T., were obtained with rhombic
antennas 1 and 6 (40 wave lengths apart). Films 3 and 4 taken at 11:20
were obtained with antennas 1 and 2 (8 wave lengths apart). Note the
second harmonic in film 2 particularly. GSE (11,860 kilocycles) Daventry,

February 21, 1936. Musical program. Zero delay.
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Fig. 26 shows, in samples 1, 2, 3, and 4, how the delay indicator
tube pattern is affected by the delay adjustment. The two branches
were steered at the same angle thus making both branch outputs
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Fig. 26—Film showing the effect upon the audio addition, of unequalized delay.
Both MUSA branches were steered at the same angle,—that of the major
wave shown. Film 1 shows no delay added and since each branch receives
the same wave the audio outputs add perfectly. Films 2, 3, and 4 show the
effect of adding 340, 680, and 2700 microseconds delay, respectively.
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identical so that perfeet delay adjustment oceurs with zero delay.
This is the condition depicted in sample 1. In samples 2, 3, and
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Fig. 27—This is a cathode-ray “multitone” record comparing the MUSA out-
put with that of a horizontal half-wave antenna. The tones on the right-
hand side of each frame are the MUSA output; those on the left are the
output of the horizontal half-wave antenna. The two MUSA branches were
steered at 15 and 22.5 degrees. A delay of 470 microseconds was used to
equalize the transmission time. GCS (9020 kilocycles) Rugby, February 24,
1936, at 3:54 P.M., E.S.T.
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4 the delays are 340, 680, and 2700 microseconds, respectively.

A number of tests were carried out with the co-operation of the
British Post Office in which twelve tones were transmitted. These
tones were nonharmonically related. They were separated at the
output of the receiver by means of filters, and commutated to appear
successively on an oscilloscope. The reader is referred to a papert by
R. K. Potter describing this technique. Fig. 27 shows a sample of
motion piectures made of the oscilloscope patterns. Two receiving sys-

tems are compared; the right-hand pattern shows the output of the

MUSA while the left shows the output of a conventional receiver con-
nected to a horizontal half-wave antenna. The tones trace the hori-
zontal lines in sequence from top (425 cyecles) to bottom (2125 cycles).
After one pattern is.executed the commutator switches from one re-
ceiver to the other. The twelfth tone is omitted to provide time for the
switching. The complete double pattern is traced in about one sixth of
a second and the camera is operated at a speed which exposes each
frame a little longer than one sixth of a second.

In Fig. 27 the MUSA branches were steered at 15 and 22.5 degrees
and employed an equalizing delay of 470 microseconds. While the
MUSA output is not perfect it is vastly superior to that of the doublet.
The tone frequencies and filters are such as to suppress harmonic dis-
tortion with the result that the patterns show mainly the selective
fading of the fundamental audio frequencies. Note that the funda-
mental output nearly disappears in the doublet receiver. In practice
this would correspond to violent harmonic distortion of speech or
musie.

In addition to the tests and experiments illustrated by the motion
picture reproductions in the preceding paragraphs a series of experi-
ments were conducted using broadecast transmission on 49 meters from
a station at Halifax, Nova Scotia. In these experiments angles and
delay differences were measured and compared with multiple reflection
theory. The agreement between measured and predicted values is not
only interesting as a study of the ionosphere but constitutes a unique
and valuable test of the performance of the MUSA system.

Observations on VESHX, Halifax

During the course of reception experiments with GSL (BBC,
Daventry, 6110 kilocycles) performed as a part of the routine operating
program for the MUSA system, a broadecast station appeared on
GSL’s frequency. This station carried the programs of CHNS, Halifax,
Nova Scotia, and was subsequently determined to be an experimental
station with the call letters VEOHX located hear Halifax and nearly

|
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on the great-circle path from New York to London. The transmitting
antenna is a half-wave horizontal, one-quarter wave above ground
and oriented to radiate in the direction of New York.

The first experience with this station showed two stable trans-
mission paths capable of being separated by the two branches of the
MTUSA. The delays could be accurately equalized and rather definite
correlation was obtained with the multiple “hop” propagation picture.
This fact and the additional reason that propagation from England
on the same frequency might be compared with the simpler phe-
nomena encountered with Halifax led to the measurements described
in the following paragraphs.
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Fig. 28—Calibration curves of the Holmdel MUSA for 49.1 meters, giving the
angle of the principal lobe as a function of phase advance ¢, (Fig. 3). Note
that the sense of the phase shift depends upon the beating oscillator fre-
quency. The curves are calculated for a velocity ratio v=1/0.933.

About eleven hours of observation, distributed over fifteen days,
are included. The log aimed to record all changes which occurred
during an observation period. The procedure was as follows: The two
branches of the receiver were steered at the angles indicated by the
monitoring oscilloscope. Delay was added to the lower angle branch
until the two audio outputs added. The delay setting was usually
critical to one seetion of the network (67.5 microseconds) and always
to two sections. The angles were determined from the calibration curve
reproduced in Fig. 28. The phase readings observed on the monitoring
oscilloscope were recorded to within + 10 degrees and the earth angles
determined by them are liable to be in error by one degree (possibly
1.5 degrees) apart from the ambiguity due to the multiple lobe charac-
teristics of the MUSA. At this wave length, the major lobe of the unit
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rhombic antennas is broad, the first null occurring at 58 degrees, so
that two angles had to be considered possible.

TRANSMITTE RECEIVER
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Fig. 29—Delay and angle relations for multiple reflection from a uniform re-
flecting surface. The number of ionosphere reflections is designated by n.

The multiple hop picture is illustrated in Fig. 29. Here the delay
referred to the ground wave is expressed in terms of earth angles &

and n,

4.5

/ A‘SO
/ /oo
I-ONE REFLECTION X %/n
TL-TWO REFLECTIONS
W-THREE REFLECTIONS

asg 250

»
o

w
i

w
o

o
i

n
o

o
N
o
.Y\
\/

)

DELAY OVER GROUND WAVE IN MILLISECONDS

250

h,(km)= 200 | &=
M/
) 2

o] 15 2

Q
B o

0) 5 30 35 40 45 S50 55 60 65
EARTH ANGLE ,8 IN DEGREES

Fig. 30—Curves giving the delay-angle relations for multiple
reflection on the Halifax-to-Holmdel path.

the number of hops or ionosphere reflections. The height A

and angle & are also related through n as shown in Fig. 29. Using the
first relation, the curves of Fig. 30 were drawn; using the second rela-
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tion, points corresponding to various heights were located on the
curves. For the Holmdel-Halifax cireuit d is 643 miles (1030 kilo-

TABLE 1
OBsErvATIONS ON VEOHX, Harirax, Nova ScoTia

6110 kilocycles 49.1 meters

- Relative Virtual Tield
Delay Height Estimated d 'eb 1
ES.T. Dale | &° | &° | milliseconds kilometers o’
above
meas. | cale. 1st 2nd | 3rd 1st 2nd | 1#v/m.
1935
rM. 5:00 | 1125, 18.2 | 38 1.01 | 0.77 195 215
PM. 4:45 | 11-26 | 24.5 | 42 1.01 | 0.85 260 250
PM. 4:40 | 12-17 | 26.4 | 44 . | 0.95 | 0.97 290 270 27
P.M.  4:41 | 12-17 | 24.5 | 43 0.9510.95 265 255
rM.  5:01 | 12-17 | 24.5 | 42 0.95 ] 0.85 265 250
PM.  4:20 | 12-18 | 25.5 | 44 0.95 | 1.05 275 270 27
P, 4:25 | 12-18 | 24.0 | 42.5 ) 0.95 | 0.90 250 250
A pM. 4:40 | 12-18 | 23.0 | 42 == 0.90 245 250
PM. 4:30 | 12-23 | 24.5 | 44 0.95 | 1.05 265 270 25
Am. 10:29 | 1226 | 28.0 | 44 0.95 | 0.90 305 270 —14
AN, 10:46 | 12-26 | 28.0 | 44 0.81 | 0.90 305 270
am 10:52 | 12-26 | 29.5 | 44 0.78 | 0.85 330 270
PM. 4:33 | 12-26 | 24.5 | 44 0.88 | 1.05 265 270 242 245 18
P.M. 4:49 | 12-26 | 24.5 | 42 0.95 | 0.85 265 250~
rv.  4:58 | 12-26 | 24.0 | 42.5 | 0.88 | 0.90 250 250
AM. 10:07 | 1227 | 25.5 | 43 0.95 1 0.95 275 255 —14
A.mM. 10:57 | 12-27 | 29.5 | 42 0.68 | 0.65 330 250 130 243
a.Mm. 11:03 | 12-27 | 31.0 | 42 0.88 | 0.70 250 100
A, 11:20 | 12-27 | <8.0 | 45.5 ( 1.28 | 1.6 +| <120 280
B 1.5+ <120 185
AmM. 11:48 | 12-27 8.0 47.5| 1.28 | 1.84| <120 300
1.7 <120 195
AM. 11:56 | 12-27 8.0 45.5| 1.28 | 1.64+| <120 280 130 247
1.54( <120 185 )
¢ BM. 4:32 | 12-27 | 25.5 | 44 0.88 { 1.05 275 270 14
pM.  4:59 | 1227 | 27.0 | 43 0.88 ; 0.85 295 255
D AM. 10:45 | 12-31 | 31.0 | 42 0.50 | 0.55 350 250 0
AM, 11:45 | 12-31 8.0 35.50.71 | 0.8+ <120 195
1936 R
amMm. 10:30 1-2 24.5 | 42 0.83 | 0.85 265 250 -2
r.M.  6:05 1-14 | 20.5 | 42 1.01 | 1.00 215 250 8
E pm. 6:35 1-14 | 18.4 | 38" 1.0110.77 200 215
PM.  6:15 1-15 | 23.0 | 42 1.08 | 0.90 245 250 22
P.M. 6:20 1-15 | 24.0 | 42 1.11 | 0.85 250 250
rM.  6:40 1-16 | 25.5 | 42 1.08 | 0.85 275 250 14
pM.  7:21 1-16 | 24.5 | 43 1.18 | 0.95 265 255
p.M.  8:39 1-16 | 31.5 | 37 0.27 | 0.20 355 205
F pM 9:35 1-16 | 26.4 | 37 0.47 | 0.42 290 205 27
P.M.  5:50 1-21 | 24.5 | 42 0.95 | 0.85 265 250 267 247 22
G rpM. 6:10 1-21 | 26.4 | 44 1.01 { 0.97 290 270
P.M.  6:16 1-21 | 22.0 | 40 0.95 | 0.80 235 230 232 245
AM. 10:40 1-22 { 24.5 | 43 0.95 | 0.95 265 255 -2
a.M. 11:05 1-22 | 24.5 | 34 0.41 | 0.35 265 185
0.30 265 120
H amMm 11:09 1-22 | 34.0 | 43 0.60 | 0.60 185 255
o 0.65 255 120
A, 11:30 | 1-22 | 24.5 | 43 0.95 { 0.95 265 255
AamM. 11:35 1-22 | 24.5 | 34 0.41 | 0.35 265 185
0.30 265 120
I rM. 6:45 1-24 | 18.4 | 38 0.74 | 0.77 200 215 27

meters) making 8=9°21". Corresponding to each measured angle there
is a delay (referred arbitrarily to the ground wave which, of course,
was not received) and a layer height, for each of the modes or orders.
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Both angles together yield a delay difference which is to be compared
with the measured value.

In Table I the virtual heights are deduced from the curves for the
assumed hop orders. The calculated relative delay is the delay differ-
ence corresponding to these heights. All angles below 60 degrees were
considered and all combinations of hop orders were considered for each
angle, subject to the experimental knowledge of the sense of the delay.
The values shown in the table are the ones which give the best agree-
ment with the measured delay. In most instances there was no question
concerning the interpretation; in a few doubtful cases two possibilities
are presented (December 27 and January 22).

Examination of the table shows that except near noon, the propa-
gation comprises the first and second reflections from the F region of
the ionosphere. Groups A, C, E and G illustrate this. In the majority
of instances the agreement is excellent; these cases constitute strong
evidence that the MUSA performs correctly. ‘

The discrepancies in the table between layer heights for the first
and second hops and between measured and calculated delay are not
entirely experimental error. Assuming errors in measured angles suffi-
cient to make the delays agree will, in some cases, increase the dis-
crepancy in heights. An interpretation one might make of this is that
the ionosphere is not uniform over the circuit and the regular reflection
basis of calculating is not strictly in accord with facts. However, there
are other theoretical explanations for discrepancies in height. Under
usual conditions, the second reflection height should be slightly greater
than the first but for certain ionizations in the E region, the first F
reflection may be retarded more than the second F reflection in passing
through the E region. Thus the heights may differ in either direction
without demanding horizontal nonuniformity. The discrepancies be-
tween measured and calculated delay may be explained by horizontal

" nonuniformity in the ionosphere. For an essentially nondissipative

atmosphere of ions having any vertical distribution but no horizontal
gradient, and neglecting the earth’s magnetic field, the group delay is
identical with that caleulated from triangular paths coinciding with
the initial earth angles. Breit and Tuve showed this in their 1926 paper.
With horizontal variations in the ionosphere such as tilting layers,
no kind of agreement could be expected; the waves might even travel
via other than great circle routes.

During three days of our observations W. M. Goodall made
measurements of virtual height and of eritical frequency which enabled
him to predict the results we might be expected to observe. His esti-
mates are shown in the next to the last column of the table.
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The data for December 27 (B) are interesting in that after 11
o’clock the first F reflection apparently disappeared. Instead, a first
reflection from the E layer is indicated. This was predicted by Mr.
Goodall on the basis that the E region ionization at noon became so
great that 24-degree waves should be reflected. For completeness the
table shows an alternative interpretation of a first E reflection and a
third reflection from a 185- to 195-kilometer height. The first E re-
flection and second F reflection are perhaps more likely. The 11:03
record is not explained.

Something similar appeared to happen on December 31 (D). On
January 22 (H) normal first and second F reflections occurred with
angles of 24.5 and 43 degrees. In addition a third wave of 34 degrees
appeared. Two interpretations of this are shown but neither seems very
plausible. :

As a general rule propagation from Halifax is simpler than from
Daventry on the same wave length. In particular GSL waves received
by the two MUSA branches are definitely less discrete and include
sufficient delay differences in themselves to prevent the nicety of
equalization possible with VEOHX. If multiple reflection takes place,
which we have no reason to doubt, it is generally so distorted by non-
uniformity over the path or by other factors as to be unrecognizable.
In view of the occasional complexity of the Halifax circuit, only one
sixth as long, this is perhaps to be expected.

The absence from these observations on Halifax of any third re-
flections from the F layer is likely due to the fact that they would fall in
the neighborhood of the first null of the rhombic antenna and would
have to be much stronger in space in order to appear comparable with
the second or first. There have been momentary appearances of waves
which might have been third reflections but they did not persist long
enough to work with.

When single waves were present, which was not unusual in the
later evening hours, the angle more often corresponded with the first
F reflection rather than the second.

Additional Numerical Data on Reception with the MUSA

The data shown in Fig. 31 are submitted to supplement the rather
meager numerical data on transatlantic reception thus far presented.
Here, relative delays and angles taken from the MUSA operating log
are shown in plots A, B, and C. Only the end points of the lines are
significant; they denote by their abscissas the angles at which the two
receiving branches were set. The ordinates of the upper end points
denote the equalizing delay. The lines merely connect coexistent
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points. The data shown were selected from the rather extensive log to
present a fair cross section of conditions, omitting, however, all cases
in which both branches were steered at the same wave bundle. They
cover winter and summer and were obtained with frequencies appro-
priate to the time and season. Most of the observations were made
on transmission from Daventry, the remainder on transmission from
Rugby. In D are shown the results of pulse measurements made before
the MUSA was in use. Here the angles were measured by the two
antenna null method and the delays were observed directly on the
oscilloscope time axis.® Although as many as five points, each denoting
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Fig. 31— Pairs of measured angles and relative delay denoted by the end points
of the line segments. The data in 4, B, and C were obtained with the MUSA;
that of D was obtained by the use of pulses.

a wave bundle, are shown, generally not more than three were jm-

portant at once. These measurements were made on transmission from

Rugby.

It will be noticed that all four groups of data show that the relative
delay per degree of angle difference is small at low angles and increases
with the angle, roughly as the multiple reflection theory indicates.
(This characteristic is distinctly favorable to the performance of the
MUSA since its angle resolving power falls off at very low angles.)
The scattering of the data indicates that an equalizing delay deter-
mined by the angle settings would not be successful; i.e., the delay
must be capable of adjustment to meet the various transmission con-
ditions. '
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7
‘Quality Improvement with the MUSA

The distortion of speech and musical quality which characterizes
short-wave circuits is due entirely to the interference of differently
delayed waves each of which individually is fundamentally free from
all kinds of distortion except nonselective fading. This conclusion is
almost self-evident and is corroborated by the results of several years
of pulse investigation® made in co-operation with the British Post
Office.

A MUSA system can be expected to select one out of several
multiple reflections. However, these reflections suffer more or less
scattering with the result that they appear as bundles of waves of
various degrees of compactness. These bundles possess a small spread
of both angle and delay. The delay interval included in a bundle of
waves is rarely less than 100 microseconds. Double refraction or
“magnetoionic splitting” occurring in the ionosphere doubtless ac-
counts for the existence of a small minimum delay. A delay interval
of fifty microseconds or so may be detected even in the unusually com-
pact bundles represented by the pulses of Fig. 21. Transmission from
Halifax appears to include a delay interval of this order, also. With
transatlantic propagation it is not uncommon to have a bundle con-
taining numerous weaker components extending over several hundred
microseconds. On rare occasions these have extended over two milli-
seconds, masking any multiple reflections which may have been
present.

The quality associated with one MUSA branch which selects one
out of several bundles of waves is thus not perfect. The effect of a
delay interval of a few hundred microseconds is scarcely noticeable,
however, except during deep carrier fades. Therefore, if diversity ac-
tion between two branches steered at the low and high angle parts of
the same bundle is employed, deep fades are avoided to a large extent,
and the quality is almost perfect. When more than one wave bundle
is present diversity action between branches steered at the principal
bundles accomplishes this escape from deep fades. It is desirable to
utilize all of the principal bundles in diversity in order to preserve the
discrimination of the MUSA. For, one of the bundles, if not provided
with a branch to receive it, would cross talk into the other branches
when it momentarily became strong and those provided with branch
receivers became weak. Signal-to-noise ratio considerations discussed
in Section V constitute an equally important (and related) reason for
utilizing all principal bundles.

As distinguished from selective fading, which is greatly reduced
by the rejection of all but one wave bundle, general fading is by no
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means eliminated. The reader may expect, however, that when the
MUSA selects one wave bundle from several it restricts the waves
accepted to those which have traveled more nearly a common path,
and for a given degree of turbulence in the ionosphere, the fading
should be slower, since only relative changes among the several waves
result in interference fading. Such a tendency no doubt exists and has
been noticed occasionally in the operation of the MUSA but rarely
has there been a marked effect (excepting certain cases of Autter fading
to be described later). This will be understood when it is recalled that
even a fifty-microsecond delay interval means that a difference of
500 wave lengths is involved for a wave length of thirty meters. In
order that the fading rate be sharply reduced it is required that the
ionosphere shall preserve this difference, to within a half wave length,
more effectively than it does if larger differences are involved. Since a
half wave length is only 0.1 per cent of 500 wave lengths a rather high
degree of balance is thus required. Evidently, the turbulence of the
ionosphere usually prevents such a balance.

Using broadcast signals (double side band) from Daventry a
thousand or more comparisons were made of the MUSA versus a single
antenna and receiver, using the switching arrangement mentioned in
Section ITI. Remarkable improvements were sometimes observed and
some improvement was almost always noted. The exceptions were the
instances when distortion wasnot detectable using one antenna, and
the rare occasions when particularly violent flutter fading occurred.

Space diversity reception using two antennas showed a substantial
improvement, usually, but failed ever to show the order of improve-
ment demonstrated by the two-branch MUSA when two or more
wave bundles of comparable amplitude occurred. Figs. 23 and 25
suggest, by the way in which the audio outputs are seen to combine,
that the distortion with MUSA reception is slight compared with that
with diversity reception.

The increased naturalness which results from reducing the dis-
tortion is, of course, pleasing to the ear and has some value in telephone
circuits on account of the subscribers’ satisfaction. In addition, it in-
creases the intelligibility particularly when considerable noise is pres-
ent. It is impossible to evaluate the increased intelligibility definitely
but, in certain cases at least, it permits the signal-to-noise ratio to be
two or three decibels lower. From the point of view of picking up
short-wave broadcasts for rebroadcasting, a more substantial value
can be attached to the MUSA quality improvement.

To a considerable extent, the magnitude of the quality improve-
ment ascribed to the MUSA in the preceding paragraphs depends upon
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the fact that double side-band signals were employed. For, with double
side-band signals the selective fading caused by the interference of
the differently delayed waves results not only in selective fading of
the audio output, but also produces nonlinear distortion when the
carrier fades selectively. This nonlinear distortion sounds much like
overmodulation, and when it occurs in its more violent forms it com-
pletely ruins the quality and intelligibility. With single side-band
transmission it is possible to demodulate with such a strong carrier
that nonlinear distortion is virtually eliminated. The fading of the
audio output is sometimes more selective than with double side-band
but the resulting quality is substantially better.

Single side-band transatlantic signals were not available during the
trial of the MUSA system. However, as mentioned in Section III,
‘receiving equipment was available which rejects one side band and
reduces the percentage modulation by a factor of ten or more. It was
found that this equipment, applied to the one antenna system, resulted
in substantially reduced nonlinear distortion and that the quality
could be still further improved by the reduction of selective fading
afforded by the MUSA. With MUSA reception there was apparently
no quality improvement in going from double to single side band.

Summarizing Discussion

In this section the general performance of the experimental MUSA
has been described in a necessarily qualitative manner. Motion picture
oscillograms were shown to illustrate the performance under fairly
typical transatlantic conditions. An investigation of propagation from
Halifax in which the MUSA was employed to identify ionosphere re-
flections was included to supplement the rather fragmentary evidence
available in motion picture oscillograms. The improved quality ob-
tained with MUSA reception was discussed from several points of
view. The evaluation of the MUSA- has been general; it serves partly
to introduce the following section which deals specifically with the
signal-to-noise ratio evaluation.

Before closing this section it is appropriate to discuss conditions
with which the experimental MUSA could not adequately cope.

On numerous occasions the fact that only two branches are pro-
vided has definitely handicapped the performance. More often, how-
ever, the need for greater angular discrimination or resolving power
has been apparent. Except on infrequent occasions a MUSA two to
three times the length of the experimental one and equipped with
three branch receivers could be expected to perform as well as the
experimental one now performs at its best. The occasions when it
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might not are the infrequent times when violent flutter fading occurs.

At least one type of flutter fading appears to be associated with a
pronounced scattering which results in a kind of shower of erratic
waves arriving over a wide range of directions. Receiving antenna
directivity has been found definitely helpful in all except the most
violent cases. Apparently when improvements due to directivity oceur
they ocecur principally by selecting & more or less normally propagated
wave bundle and rejecting the shower of erratic scattered waves.
When, in the most violent cases, no reduction of the flutter can be
achieved the reason may be that the unit antenna accepts too wide
a horizontal range to permit the MUSA to discriminate sufficiently
against the shower. (It will be remembered that the MUSA array
factor is of the form of a semiconical shell and thus the MUSA will,
in general, accept as wide a horizontal range as the unit antenna per-
mits.

V. TuE S16NAL-TO-NOISE IMPROVEMENT OF THE
MUSA ReceIvING SYSTEM

Because of the complicated nature of short-wave transmission and
also because of the uncertain state of noise measuring technique, it is
not a simple matter to give a satisfactory answer to the question:
“What is the signal-to-noise improvement of a MUSA system?” In
this section an attempt has been made to simplify the problem by
separating the various factors involved. The section begins with an
analysis of the problem assuming simple types of wave transmission.
This is followed by experimental studies and discussions.

In discussing the signal-to-noise advantage of a M USA it is under-
stood that a reference receiving system must be adopted, and for this
purpose one of the unit antennas connected to an automatic gain con-
trolled receiver was chosen. Other types of antennas as, for instance,
a simple vertical or horizontal doublet might have been used but other
factors not significant to the MUSA would then have been involved.

Simple Analysis of the Signal-to-Nowse Ratio Improvement

The MUSA differs from other directional antennas in that it is
an array of antennas between which there is negligible electromagnetic
coupling. This allows (but does not require) a different point of view,
not explicitly involving directivity, in considering the signal-to-noise
advantage of the array. The following analysis is made from this point
of view. In Figs. 32 to 34 antennas are represented by signal gener-
ators, e, static generators, e,, and resistances R4. The input circuits
of the receivers are matched to the antennas.
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In Fig. 32, N spaced antennas are shown connected in parallel.
The root-mean-square noise voltage, E,, at the input to the receivers
represents the thermal noise originating in the receiver input circuits.
Tor the matched condition this noise is constant and independent of
the number of antennas. A single wave is assumed and the signal
outputs of the antennas are phased by means of the phase shifters ¢.
The maximum signal power obtainable from N antennas obviously is
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RA
ANTENNA 2 e 0
Ra €51 €y
—‘ INPUT CIRCUIT
es2 €az Ra | (!M;EDANCE R)
ANTENNA 3 .
-
-
FIRST ASSUMPTION KN, S
ALL LINES MATCHED Ts= L aper s TR
(LINE IMPEDANCES = Ry £, = CONST X VR
0 PHASE SHIFTER IMP = Ra PETIN R
- QK - A
WAVE INPUT CIRCUIT MATCHED | Ig= Z L
DIRECTION  UNIT TO IMP Ra/N) K=
T ANTENNA
SECOND ASSUMPTION. . L. i [E
SINGLE WAVE SIMILAR ANT [ Ts= 2 8s' Fs= 38N ygy Es =mz_s
a a
(55|=esa €sn= €5
Cai= € an= €q) 19 FpcCar Ea* Laes‘h;i N es
ar= Caz an= €a, a A =5 - m=2 NST
T mmco

SIGNAL CURR PHASED
STATIC CURR RANDOM

£, = CONST. X VR

Tig. 32—8imple signal-to-noise analysis of a system of N spaced antennas.
Signal currents are phased and combined at the incoming frequency. The
summation signs include addition on the power basis.

N times that obtainable from one antenna. In terms of receiver noise,
en, the improvement in signal-to-noise ratio is 10 log N decibels referred
to one antenna. If, instead of recciver noise, static is the predominating
noise, the signal power received is not significant but the same improve-
ment is realized for the general case in which the static is distributed
randomly among the N antennas.” In that case the N signals are

22 [f static comes from all directions simultaneously, its distribution is
random among the ideal unit antennas discussed in Section II. This is deduced
from calculations which show that gain (signal-to-noise ratio) is proportional to
the length of the system; i.e., to the number of unit antennas. The assumption
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phased to add on a current basis while the N noise sources add on a
power basis. Analogous arguments apply to a series connection of N
antennas and result in the same improvement of 10 log N decibels.
The system described above has been shown mainly to introduce
the system shown in Fig. 33. This diagram shows the audio addition
of the outputs of N receivers fed by N antennas. Note that this system
has no high-frequency phase shifters in the transmission lines. It is
in fact similar to the diversity receiving system deseribed by H. H.

ANTENNA 1

ANTENNA 2
Ra
o o €nz
€5, €q» Ry REC. 2 [] |

Es EqiEn

WAVE €51 = €5p= 00 Csny= €5 Eg aNEg

DIRECTION UNIT €as €an= €q Eqa N eq

™~ ANTENNA _ Es . m&s
€ni = Epp = €nn = € En VN &y, e Na
AUDIO SIGNALS THEN'IN PHASE

Fig. 33—Simple signal-to-noise analysis of a system of N spaced antennas
Signal currents are combined at audio frequency.

Beverage and H. O. Peterson.®? For a single wave this is seen to be
equivalent to the phased: addition at carrier frequency shown in
Fig. 32. .

The signal-to-noise improvements shown on Figs. 32 and 33 were
easily calculated because a single nonfading wave was assumed. In

of randomness requires that the spacing of unit antennas having a certain angular
discrimination must be equal to or greater than the antenna Iength required to
produce that diserimination in the simple linear end-on type of unit antenna.

That static is, on the average, distributed randomly among the rhombic an-
tennas of the experimental MUSA is shown by measurements described later in
this section. ’

2 “Diversity receiving system of RCA communications, Inc.,” Proc.
LR.E., vol. 19, pp. 531-561; April,. (1931).




Friis and Feldman: Steerable Antenna 889

actual practice several fading waves are involved and it is then diffi-
cult, if not impossible, to make significant calculations. Later in this
section, however, some of the general features of the system shown
in Fig. 33 will be discussed from the point of view of several waves.

The MUSA system is characterized by the ability to separate
waves and it is therefore possible to analyze it in a simple manner for
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Fig. 34—Simple signal-to-noise analysis of the MUSA system.

cases of more than one wave. The arrangement in Fig. 34 corresponds
to the Holmdel MUSA. The signals from the equally spaced antennas
are here phased af the intermediate frequencies. Since random static
and first circuit noise give identical results the analysis is given for
static only.

As shown in Case 1, if only one wave is present and both branches
are phased for it the system functions as in Fig. 33 and it yields the
same improvement of 10 log N decibels. If as shown in Case II the
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second branch is not phased for it (i.e., if the wave falls upon a minor
lobe or a minimum of the MUSA directional pattern) less than the
full improvement occurs. On the basis of linear audio detectors the
reduction of improvement is 20 log z where z lies between 2 and /2.
This quantity refers to the manner in which the noise from sources
1, 2, - - - N in Branch A adds with the noise from the same sources
after having been phased differently and perhaps delayed differently
in Branch B.* This involves the audio-frequency band width and
method of noise measurement. As will be shown later z is usually not
much different from /2. Taking x=+/2 the loss in Case II is three
decibels. If an audio detector is used which does not demodulate noise
when the signal is absent (a square-law detector accomplishes this for
practical purposes) this loss disappears, and branches may be phascd
for temporarily nonexistent waves without incurring a penalty. Case
IIT is the important one. It assumes two equal waves. Branch A is
phased for one; Branch B for the other. Again taking x=+/2, the im-
provement referred to e;/e. is 10 log N +3 decibels. Here ¢,/e, denotes
the signal-to-noise ratio in each antenna due to one wave. Referring
the improvement to the signal-to-noise ratio of one antenna receiving
both waves, assumed to add randomly, increases the reference by
three decibels and reduces the improvement to 10 log N decibels.

This analysis may be expanded to include K waves in which case
K branches would be required to obtain the gain of 10 log N decibels
referred to one unit antenna. .

It has been tacitly assumed in the foregoing analysis of Fig. 34
that the audio outputs of the several branches are delay equalized to
add and that there is no diversity action (all of the waves are assumed
to remain equal). The influence of fading is difficult to predict and
will be discussed later in connection with experimental results.

Some readers, not concerned with details, may omit reading the
following subsections and find it sufficient to read only the Summariz-
ing Discussion of this section.

Test Method

From a practical point of view the best way of testing a MUSA
system would seem to be to operate it on transatlantic telephone sig-
nals and compare its output with that of the reference system. Speech
volume and noise could then be measured in the conventional manner.
So far as the signal-to-noise improvement is concerned it would be a
laborious and lengthy task to get satisfactory data because so often,

# The case of £ =2 (in-phase addition) arises only when the phasing and
delay of the two branches are alike.
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during the test period,? static and receiver noise is masked by trans-
mitted noise, interfering signals, and other man-made noise. To test
the experimental MUSA, therefore, a different method was selected
which gave significant data in a shorter time.

Since the success of the MUSA is related so fundamentally to the
nature of the arriving signal the important thing to be determined by
the measurements is how well the MUSA is able to cope with the
various conditions of wave arrival. For instance, in the case of a single
bundle of arriving waves how close does the actual signal-to-noise
improvement come to the 10 log N decibel calculated for Case I
(Fig. 34) in which a single nonfading wave was assumed? Likewise,
for the case of two-wave bundles do the calculations of Case III agree
with measurements? '

For these purposes the signal-to-noise measurements would have
to be free from directional static, interference, and transmitted noise; '
otherwise the measured improvements would be distorted. To insure
uniform and desirable noise conditions it was decided to use thermal
noise originating in the receiver input circuits® instead of whatever
noise might be present on the radio channel. This was accomplished
by inserting resistance pads in the antenna transmission lines to reduce
the signal (and external noise) to a level where thermal noise greatly
exceeded other noise. Signal-to-noise ratios in the range between
fifteen and forty decibels were obtained in this manner, free of inter-
ference and directional static, and of transmitted noise.

Substituting thermal noise for external static may at first seem
far-fetched. Except for the fact that static is sometimes sufficiently
directional to be received with different intensity as the MUSA is steered
differently, the substitution is sound. In general, the static output
does not vary with steering, as the measurements described later in-
dicate but to avoid the distortion of results which would occur when
this is not so, it was desired specifically to substitute nondirectional
noise. Studies of the characteristics of static and thermal noise have
shown that both are alike so far as the effect of band width upon
average and effective values is concerned, and have indicated that
both consist of extremely short, randomly distributed pulses which
overlap when received and detected by receivers of ordinary band
widths. In a given band width, the envelope of the currents produced
by static sources is highly irregular in comparison with that produced
by thermal agitation. It appears, however, that the character of either

% Transmission conditions during 1935 were comparatively undisturbed.
2 A portion of the noise originates in the plate circuit of the first detector.
For the present purposes this is equivalent to first circuit noise.
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envelope is not sensibly affected by the number of antennas combined
nor by the manner in which the branch outputs are combined, so that
both give the same-improvement figures using any arbitrary noise
measuring method.

There were several possibilities with respect to the signal to be
employed in these tests. A single tone, a large number of tones dis-
tributed throughout the audio band and other special signals were
considered. A simple method requiring no modulation was finally
adopted. It consisted in alternately connecting the output of the an-
tenna to be tested and that of the reference antenna to the same re-
ceiver. Assuming that the automatic gain control of this receiver
would maintain a constant audio output level the signal-to-noise ad-
vantage is the ratio of the noise levels. The automatic gain control of
the MUSA receiver did not, of course, hold the output level absolutely
constant but a correction was easily made for the small variations
in level.

The circuits of the measuring equipment are shown in Fig. 35.
The rectified carrier appearing in the linear speech rectifier is taken
to be proportional to signal and is measured simultaneously with the
noise demodulated in the rectifier. When the keys are thrown to posi-
tion 2 (by a gang arrangement) the signal meter shows the sum of the
two rectified carriers and the noise meter reads the combined noise in
the output of the diversity mixing amplifiers. Using the sum of the
two rectifier currents to represent the signal implies that actual audio
outputs from the two branches could be delay equalized to add arith-
metically. As applied to a MUSA system this assumption is justified,
in general. When the keys are switched to position 1, the rectified
carrier of branch B alone appears on the signal meter and noise from
branch B appears alone on the noise meter. At the same time the di-
versity connection is broken and all except one of the six-phase shifter
amplifiers in branch B are biased to cutoff;i.e., only one unit antenna
is used. The pad “L” is adjusted to give the same audio gain from
rectifier B to the noise meter for connection 1 as for connection 2.

By manipulating the keys which control the cutoff biases on the
phase shifter tubes the “1” to “2” switchover may also be used to com-
pare one antenna (one receiver) with two antennas in ordinary space
diversity or one antenna with all six in a single branch.

The use of receiver noise as a noise source depends upon (1) having
the noise equal in all six circuits and (2) upon having it originate ahead
of the point where the gain is varied. In well-designed receivers the
noise should approach the thermal noise limit of the first circuit. It
was found possible to have the signal-to-noise ratio, for a given signal
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level, of all six high-frequency input circuits equal to within +0.5
decibel and within a few decibels of the thermal limit.

The first tests were made with a local oscillator supplying the
signal. They really constituted tests of the measuring set up. All six
input circuits were fed simultaneously through 80-ohm pads giving
equiphase and equiamplitude signals on each detector grid. This cor-
responds to receiving a single steady wave, and one branch was
“steered” as if to receive such a wave. When the multiple switch was
manipulated as to compare one antenna with the steered branch the
indicated signal-to-noise improvement was usually between seven and
eight decibels, compared with the theoretical value of 7.8 decibels
(10 log 6).

Such a local test using the switchover with all associated equipment
was made before and after every transatlantic test. Corrections based
upon 7.8 decibels were made to the data in cases where the local tests
showed a slightly different improvement factor. In all of the work the
gains of the phase shifters were adjusted to equalize the difference in
line loss. The effect of this is, however, trivial.

In measuring on transatlantic waves with automatic gain control
the noise variation, corresponding nearly to the reciprocal of fading,
rendered visual noise readings too rough to be suitable. A Weston
high speed DB meter (copper-oxide bridge type) having a calibrated
range of 16 decibels was used as a noise meter. To this instrument was
added a fluxmeter (Fig. 35) of low restoring torque which automatically
averaged the variations of the meter pointer over the 15-second periods
of observation used in these tests. The fact that the noise meter recti-
fier is linear means that the noise current is averaged arithmetically
along the time axis. (A discussion of other ways of averaging will be
given later.) To permit the maximum time interval during which the
restoring torque had negligible effect a balancing current was applied.
A telechron motor marked time intervals of 15 seconds with a bell.
The switchover between “1” and “2” (Fig. 35) was made and the
fluxmeter restored to zero reading at the ring of the bell. The signal
meter reading (calibrated in decibels) was maintained fairly steady
with tke automatic gain control, and could be averaged accurately
by eye.

Test Results

The first measurements on transatlantic signals were made on 16
meters in September, 1935. Tests were made on the British Post Office
Station GAU (18,620 kilocycles) between noon and 2 P.M., E.D.S.T.,
on September 16, 17, 18, and 19. At our request the transmitter oper-
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ated on reduced power, presumably fifteen decibels less than normal.
The propagation during these tests was characterized by low angles
and slow fading. The angilar discrimination of the MUSA for these
low angles is so slight that it was decided to use only one branch and
defer the question of diversity in these first tests.

Owing to the power reduction and to the fact that the period from
September 15 to 18 inclusive was disturbed some of the data had to
be obtained without antenna pads. Table Il summarizes the results

of the measurements.
TABLE II

ONE BrRANCH
GAU 18,620 kilocycles

s S/N Group
Test, Padsin Reference Number of

Date No. Ant.db. | Antenna | Readings [IMProgement| Average
1935
9-16 1 20 1 19 3.7
9-17 6 20 1 18 3.0
9-17 10 20 1 16 3.0 a8
9-16 2 20 6 20 8.8
9-17 7 20 6 20 11.0

10.0
9-16 4 0 1 17 6.2
9-17 9 0 1 11 6.5
9-19 11 0 1 18 6.0
9-19 13 0 1 28 5.6
9-19 15 0 1 20 8.0

6.4

9-16 5 0 6 30 6.4
9-17 8 0 6 17 7.9
9-19 12 0 6 20 5.0
9-19 14 0 6 29 6.1 .

The apparent line loss is 6.7 db (4.3 calculated).

The equivalent improvement obtained from the data with pads is 7.3 db; without pads, 6.4 db.
Average 6.9 or 7 db.

When thermal noise is a contributing or predominating factor, the
signal-to-noise ratio of the six-antenna branch must be compared with
both No. 1 and No. 6 antennas in order that the line loss may be
accounted for. With thermal noise predominating, the difference be-
tween the improvements referred to No. 1 and No. 6 should of course
equal the line loss of No. 6. It may be shown that the arithmetic means
of the two improvement ratios (voltage) should give very closely the
improvement corresponding to random static (10 log 6=7.8 decibels).
In Table II the arithmetic means of the improvement ratios is, there-
fore, called the equivalent improvement. '

During these tests the indicated angle of arrival was from one to
three degrees (such .low angle determinations are not trustworthy
within perhaps two degrees) and the receiving branch was set cor-
respondingly and not altered during a test. The fading on No. 1 and
No. 6 antennas was usually but not always unlike. Adjacent antennas
always showed substantially synchronous fading.
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A sample of the plots from which the figures in the table were ob-
tained is shown in Fig. 36. This shows the noise readings reduced to
a constant signal meter reading for Test 13. Each horizontal line seg-
ment represents one 15-second fluxmeter period (the actual period was
14 seconds, one second being required for switching). The arithmetic
averages of the segments are shown by dashed lines. It is to be em-
phasized that the scattering of improvements taken from adjacent
readings is not experimental error but is due to the fact that pairs of
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Fig. 36—Sample of measured noise plotted against time.
GAU (18,620 kilocycles) Rugby, September 19, 1935.

adjacent readings were obtained at different stages of the fading cycle.
Two separate systems (receivers and antennas and measuring equip-
ment) permitting simultaneous measurements would not help this
situation, since fading would not be synchronous on two systems,
Evidently a considérable number of readings must be taken to insure
that all stages of fading are equally represented in both of the systems
being compared.

Returning to Table II the discrepancy between the apparent line
loss and the calculated value (the loss could really be five decibels
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perhaps) suggests that insufficient data were obtained with the pads.
There is a possibility that the measurements without pads involve
directional static. However, taking the data as they stand yields an
average of seven decibels which is less than one decibel below the
value 10 log N =7.8 decibels calculated for the nonfading wave of
Case I, Fig. 34. (The fact that only one branch was used in the meas-
urements instead of the two branches of Case I does not affect the
situation since the idle branch was disconnected and so contributed no
signal and no noise.) A reduction of the order of one decibel from the
calculated improvement could be expected since all of the waves of
one bundle cannot fall on the apex of the directional pattern. It was
encouraging to find that no more loss occurred; i.e., to find that the
waves in a single bundle may be phased so effectively.

Before leaving these tests, the results for September 18 should be
mentioned. On this day the signal-to-noise ratio was so low, even with-
out antenna pads, that measurements could not be made. The noise
on this day was first taken to be thermal noise but was found during
the course of experimentation to be external noise?” some ten decibels
higher than thermal noise, as received on a single thombus. At the
end of the test the operator at Rugby keyed the transmitter with tone,
advising us that the schedule was completed and wishing us “good
night.” With one antenna the signal was hopelessly lost in noise; with
the six antennas the code was readable.

- More comprehensive measurements were made on GBW (14,440
kilocycles) and a few on GCW (9790 kilocycles), using the two
branches. Since an unmodulated carrier was used, rectified carrier
being taken to represent signal, there was no criterion for setting the
audio delay. Accordingly, it was kept at zero and a correction intro-.
duced later. The results are shown in Tables I1I and IV.

The data in the tables are classified roughly according to whether
two bundles or one bundle of waves were present. In the latter case
the two branches were steered, one on each side of the bundle, a few
degrees apart. During these tests slight adjustments in steering were
made when indicated by the angle monitoring tube, as in normal
operation of the system. The large amount of data taken with GBW
makes the results in Table III particularly reliable. This is reflected
in the close agreement between measured and calculated line loss.
Before discussing the results further the effect of delay needs to be
analyzed. :

27 This noise, which was directive to the extent that four-decibel variation
oceurred with steering the MUSA, was doubtless a sample of the “star static.”
It was encountered also on 31 meters in October. See footnote (32).
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TABLE III

Two BRANCHES
GBW 14,440 kilocycles

Pads Number S/N Group Number of
Date ’Il;ﬁft in Ant. %ﬁg;ﬁ?]ze of Improve- | Average ‘Wave
‘ db | Readings ment db db Bundles

1935
10-2 21 40 1 20 2.7 1
10-2 23 40 1 16 5.3 1
10-2 24 40 1 16 4.4 1
10-8 29 40 1 20 6.3 "1
10-10 37 40 1 20 4.4 a7 1
10-2 20 40 6 19 6.9 ' 1
10-2 22 40 6 20 8.4 1
10-2 25 40 6 16 9.0 1
10-8 28 40 6 17 10.9 1
10-9 30 40 6 38 8.0 8

.5

9-30 17 40 1 22 3.4 2

9-30 19 40 1 14 4.1 2
102 26 40 1 16 4.6 2
10-10 33 40 1 19 2.0 . 2

.5

9-30 16 40 6 17 8.0 2

9-30 18 40 6 17 7.9 2
10-2 27 40 6 20 6.7 2
10-10 34 40 6 20 7.3 2 2

The apparent line loss is 3.8 and 3.9 db for the one-wave and two-wave groups, repectively. The
calculated loss is 3.8 db.

The equivalent improvement for one-wave group is 6.8 db to which may be added the later deter-
mined correction of 1.2 db for the effect of delay, giving 8.0 db.

The equivalent improvement for two-wave groups is 5.7 db to which may be added 0.8 db for the
effect of delay, giving 6.5 db.

TABLE 1V

Two BRANCHES
GCW 9790 kilocycles

Pads Number S/N Group -Number of
Date 'II;Ieg b in Ant. I;eéfgrence of Improve- Average Wave
. SRR Readings ment db db Bundies
1935
12-13 39 40 1 15 4.8 2
12-13 40 40 1 14 4.7 2
4.7
12-13 38 40 6 14 7.9 2
12-13 41 40 6 13 6.7 . 2
.3

The apparent line loss is 2.6 db. The calculated loss is 3.1 db,
. Th7e0egl\)nvalent improvement is 6.1 db to which may be added 0.9 db for the effect of delay,
giving

Correction Due to Delay

The effect upon the noise, of delaying one audio output, is shown
in Fig. 37. The curves were obtained with the circuit shown in Fig. 35
using thermal noise. The equiphase, equiamplitude signal source men-
tioned previously was used to supply the inputs. Branch A was kept
phased so that the six signals added, and branch B was varied. The
curves show the effect of delay upon noise in a 250- to 2750-cycle audio
band, as measured with the Weston DB meter, for various differences
in steering. The curves are labeled in terms of the difference in the
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phase settings of the two branches. The 40-degree or 80-degree curves
correspond in practice to steering on each side of a single bundle of
waves. The 160-degree curve typifies steering at two separate wave
bundles. The use of 100 microseconds (or more) delay is generally
advantageous for the audio addition when steering at one bundle.
Since this amount of delay makes the audie noise addition nearly
random and for widely different steering the addition is also random
the assumption that the noise from the two branches adds on a power
basis, made in reference to Fig. 34 (x=~/2), is justified.
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Fig. 37—The effect of delay and phasing upon noise
output of the MUSA receiver.

The effect of delay is to produce an interference pattern in the
audio noise spectrum. This accounts for the dip in the noise curve for
a delay of 300 microseconds which locates the first interference mini-
mum at about the center of the audio band. The asymptotic approach
to 3.5-decibel reduction corresponds more nearly to a reduction ratio
of 2/7 than to 1/4/2 due to the fact that the Weston DB meter is
nearer linear than square law in response.

In obtaining these curves it was desired to simulate the reception
of two waves for which the corresponding branches were phased to add.
It was not convenient to set up locally such a two-wave case but the
single wave input should give identically the same results provided
phases were avoided which resulted in a signal at the second detector
too low to demodulate the noise. A signal level so high that further
increase did not affect the noise output was used for all points. The
real purpose of the signal was to insure that the demodulated noise
was not dependent upon the intermediate-frequency bands and
that the results would be unaffected by possible differences in inter-
mediate-frequency bands.?®

As mentioned, noise has been measured with an unweighted 250-
to 2750-cycle frequency band. Had a weighting network®® which em-
phasizes frequencies in the vicinity of 1000 cycles been used the dips

28 This precaution was subsequently found to be unnecessary; i.e., similar
results were obtained with no input signal.

29 Barstow, Blye, and Kent “Measurment of telephone noise and power
wave shape,” Elec. Eng., vol. 54, pp. 1307-1315; December, (1935).
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in the curves marked 0° and 40° would have been deeper and would
have occurred in the vicinity of 500 microseconds delay.

Returning now to Tables III and IV the measured improvements
were corrected. to correspond to the effect of the delay which would
probably:havezbeen used to obtain the best audio addition for the
signal. The 1.2-decibel correction for the one-bundle case represents
thefreduction of noise obtained with 60-degree phase difference with
the addition of 100 or 150 microseconds delay. The 0.8- or 0.9-decibel
correction for the two-bundle case corresponds to any large delay and”
a large phase difference, say 160 degrees. These corrections would not
have been much different if a weighting network had been used.

The measured difference of 1.5 decibels, shown in Table I11, be-
tween the one-wave bundle and the two-wave bundle measurements
is probably real and due to the fact that when the branches are steered
at two separated bundles some loss is incurred when one wave dis-
appears for a few minutes. This loss could have been at least partly
recovered by using square-law detectors. Tests showing the advantage
of square-law detectors over linear detectors are deseribed later in
this section. Employing square-law detectors would justify a correction
of about one decibel to be added to the two-bundle improvement
measurements in Tables III and IV. Applying this correction we
summarize the results in Table V.

TABLE V
SUMMARY OF SIGNAL-TO-NOISE MEASUREMENTS

One Bundle o} Waves Two Bundles of Wauves
One Branch only Two Branches Two Branches
7 db (Table II) 8db (Table IIT) 7.5-8 db (Tables III and IV)

These improvement figures for two branches as they stand are
approximately equal to 10 log 6="7.8 decibels as calculated for non-
fading waves, and leave nothing to be ascribed to diversity action.
Since a loss of perhaps one decibel occurs in the case of one branch
(Table II), the recovery of that one decibel with two branches is to
be ascribed to diversity action. Originally, considerably more was ex-
pected of the angle diversity. It appears however from theoretical
and experimental evidence that one decibel is about what should be
expected for the case in hand. It seems appropriate to include this
study of diversity here. A

Diversity Action

The first attempt to analyze diversity action was made with a
~ graphical approach to the problem. On Fig. 38 is shown a schematic
diagram of the system to be analyzed. Two receivers A and B with
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linear audio detectors may be regarded as fed from two angle branches
of 2 MUSA. The noise generators e, and e,z are assumed to be of equal
power but of random phase. The signal generators e,4 and e,z are
assumed to fade according to the equations shown beneath the dia-
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Fig. 38—Graphical analysis of diversity action as it relates
to signal-to-noise ratio.

gram. They represent the carrier amplitude but since fading is assumed
to be essentially nonselective in each branch they also represent the
side bands. This type of fading might result from interference between
two waves of small relative delay whose amplitude ratio is 0.8, such
a pair being received by each branch. The automatic gain control is
assumed to be perfect; i.e., the audio output, Es, is maintained con-
stant.
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By definition, diversity in fading occurs when the fading of the
two branches is not synchronous. If all degrees of asynchronism are
equally probable the diversity is random. This is the case considered.
JIn Fig. 38 five stages in the cycle of variation from synchronous to
asynchronous fading are used for calculation. In each of these, fading
curves corresponding to the two assumed waves are shown displaced
from each other by 0, 30, 60, 90, and 180 degrees. With “ideal”
automatic gain control the two receiver gains, always equal, will be
proportional to the reciprocal of the resultant of ess and egs. For
“ideal” linear detectors the noise output of the receivers will be pro-
portional only to the gain. The noise curves plot the noise variation
on this basis. Two cases of signal addition are considered—voltage
and power addition. The corresponding noise curves differ only as the
reciprocal of the resultant signal curves differ. These noise curves are
averaged (with a planimeter) and the resulting average signal-to-noise
ratios are used to plot the improvement curves shown in the figure.
The improvement curve for power addition of signal is located on the
improvement axis so that zero improvement is shown for synchronous
fading. The curve for voltage addition of signal is located three dedibels
higher at synchronous fading. These curves are again averaged over
the cycle from synchronism to asynchronism (by averaging noise volt-
age). The improvements are 2.0 decibels and 4.9 decibels.

Power addition of the two signals corresponds in practice to the
case in which the delay is unequalized and sufficient to cause the audio
outputs of each branch to combine on a power basis like noise. The
two-decibel improvement might appropriately be called the primary
improvement since it is due solely to the diversified fading. The addi-
tional improvement of 2.9 decibels found with voltage addition of the
signals is due to favorable discrimination in the addition of signal
and of noise and might be called the secondary improvement. The
secondary improvement occurs in reception with the MUSA; it has
already been included in the 10 log N decibel improvement calculation.

In practice, it would be undesirable to use the “ideal” automatic
gain control assumed in the above analysis; the action must be
smoothed out with, for instance, a capacitance-resistance network. The
effect of this is to reduce the primary gain since the noise peaks, whose
avoidance by diversity action results in the primary improvement,
are reduced. An analysis of diversity action without automatic gain
control was made. In this case the signal was averaged while the noise
remained constant. The results are included in the table shown in
Fig. 39 which is introduced later.

This treatment of diversity action has been made from the point
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of view of MUSA reception but is applicable to ordinary space di-
versity using two stations or antennas. In the case of a single bundle
of waves no modification of the analysis need be made; the signal
generators then represent the spaced antenna outputs which are fad-
ing randomly. In this case voltage addition of the audio outputs may
be expected to oceur since a single bundle will typically include only
a small delay interval. In the general case of two or more wave bundles
the signal generators must be interpreted to represent not the carrier
but the side-band average, for fading will then be essentially selective
and the audio output will not be proportional to carrier as was as-
sumed in the analysis. If this interpretation is made the signal-to-noise
ratio in each receiver becomes proportional to the generator ampli-
tudes .4 and e,z and the analysis of Fig. 38 is applicable. In this
case voltage addition does not occur since the audio outputs are essen-
tially different owing to the selective fading.? They add, in general,
to a value intermediate between the power and voltage sum, although
for the more complicated conditions they combine on a power basis.

The above analysis has been based upon simple two-wave inter-
ference and the results might not be applicable to the more complicated
and changing conditions of actual transmission. Accordingly, R. L.
Dietzold has made a statistical analysis for other types of fading and
for three stations as well as for two. The results appear in Fig. 39
together with the results of the above graphical analysis for two-wave
interference fading. The time sequence of amplitude in the more com-
plicated types of fading encountered in practice is not significant; the
percentage distribution determines the results. The “four-wave” dis-
tribution curve corresponds to four equal waves of random phase.
The quadratic distribution curve was deduced experimentally by
R. S. Ohl. Except that these different distributions were assumed, the
assumptions were the samc as those of Fig. 38. The improvements
are expressed in decibels referred to the signal-to-noise ratio for one
station or branch with ideal automatic gain control. ]

The small effect upon the results of assuming different time dis-
tributions lends significance to these calculations. The averaged round
numbers are probably about right.

With no automatic gain control (or with one which acts slowly
compared with the fading) there is little or no primary gain. With in-
finitely fast and stiff gain control action there is a 2- and 2.5-decibel
primary gain for two and three stations, respectively.

50 This refers to speech signals; in the case of telegraph signals the frequency
band is so narrow that fading is always essentially nonselective, and voltage
addition occurs. .
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A few measurements were made at Holmdel on two-station di-
versity (antennas 1 and 6 of the MUSA). The thermal noise and
rectified carrier technique was used. The results appear in Table VI.
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Fig. 39—Summary of results of diversity analysis.

The measuring technique was exactly the same as used in obtain-
ing the data for Tables III and IV in which voltage addition of the’
signal was assumed. A 3-decibel improvement is therefore included
in the 3.6-decibel figure. This leaves only 0.6 decibel (possibly one

TABLE VI

"ANTENNaS 1 AND 6 1N DivERsITY
GBW 14,440 kilocycles

Pads in S/N
Test Reference No. of .

Date No. Antggnas Aellconn Readings Improvt;ement Average
1935
10-9 32 40 1 19 1.7
10-10 35 40 1 20 2.2 2.0
10-9 31 40 6 14 4.9 ’
10-10 36 40 6 20 5.2 51

The apparent line loss is 3.1 db. The calculated loss is 3.8 db.
The equivalent improvement is 3.6 db,
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decibel or even 1.5 decibels since the measurements are too meager to
be reliable to better than one decibel) for primary gain compared with
a possible 2.0 decibels. We are inclined to use about one decibel for
primary gain. The time constant on the automatic gain control was
of the order of 0.06 second in this and all signal-to-noise comparisons.
That this time constant was not fast enough to produce the high noise
peaks corresponding to the inverse of fading is shown by the trans-
cribed motion picture record of the signal and noise meter variations,
shown in Fig. 40. Note the signal fades.
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Fig. 40—Sample of signal and noise variations occurring in diversity tests. The
arrows indicate noise levels beyond the scale of the meter. GBW (14,440
kilocycles) Rugby, October 10, 1935. 1920 G.M.T.

A secondary improvement of 3 decibels is too high for two-station
space diversity;i.e., the signals do not add on a voltage basis.?? Oscillo-
scope observations of the diversity combinations of the audio outputs
of two spaced antennas (No. 1 and No. 6 of the Holmdel MUSA)
ind:icate, however, that on the average the secondary improvement is
appreciable and probably about 2 decibels for two antennas and 3
decibels for three antennas. This improvement depends upon the
number of wave bundles, their angular separation, their relative de-
lays, the spacing of the'antennas and the frequency band occupied by
the; signal. For a single compact wave bundle the secondary improve-
ments will be nearly 3 decibels and 4.8 decibels for two- and three-
ang(:nna systems, respectively, but for several bundles of large relative
delgy the secondary improvement may disappear.

The results of some recent tests of a three-antenna diversity system
onjtrial at Netcong, N. J., carried out under the direction of F. A.
Polkinghorn, showed a signal-to-noise improvement of 3 to 3.5 deci-
bels. Assuming a 3-decibel secondary improvement there remains some-
thi]hg of the order of 0.5 decibel for the primary improvement. This is
plausible in view of the time constant of one second used on the auto-
matic gain controls. Linear audio detectors were used in these tests.
As|will be discussed later the employment of square-law detectors
could be expected to add 0.5 decibel to this figure. Linear detectors
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are to be preferred, however, on the basis of quality distortion. Table
VII is based upon the theoretical and experimental study of diversity
action and gives typical results for space diversity systems.

TABLE VII
SUMMARY OF SPACE DIVERSITY IMPROVEMENTS
Primary Improvement in db Secondary Improvements in db
Number of Automatie Gain Control Number of Wave Bundles
Antennas =
0.06 Sec. 1 Sec. 1 2 3-5
2 1 0.5 3 2 1
3 1 0.5 4.5 3 1.5

Add 0.5 db to primary improvement when square-law detectors are used.

Table VII shows that on the average the secondary improvement
is larger than the primary improvement. In other words, the advantage
which accrues from the similarity of the antenna outputs exceeds that
which accrues from their diversification. This result had not been
expected.

It should be emphasized here that the improvements summarized
in Table VII for space diversity systems and in Table V for a MUSA
system refer to signal-to-noise ratios only; i.e., quality improvement
is not included. ‘

An important advantage of a MUSA system over a space diversity
system is its ability to maintain its improvement when more than one
wave bundle occurs, and since two or more bundles are common, the
advantage is distinetly real. A further advantage not discussed thus
far relates to interfering signals as distinguished from. static. Unless
the interfering signals fall upon the principal lobe of the MUSA array
pattern when it is steered to receive the desired signal, important
directional discrimination against the interference ocecurs. Little or no
discrimination against interference can occur in a space diversity sys-
tem since it lacks the phasing which produces directional discrimina-
tion.

The Time Constant of the Auiomatic Gain Control

Thus far no comments have been made on the improvement figures
relating to “no automatic gain control” shown in the table of Fig. 39.
This table shows that the signal-to-noise ratio for one antenna (K =1)
is from 2.5 to 3.5 decibels higher when no automatic gain control is
used; i.e., perfect automatic gain control penalizes the signal-to-noise
ratio to that extent.® The advantage of automatic gain control is a

31 The action of the automatic gain control does not change the instantane-
ous signal-to-noise ratio. Interpreting signal-to-noise ratio as average signal

divided by average noise rather than the average of the signal divided by the noise
results in this difference.
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constant output volume. In practice, a compromise is effected by
retarding the action of the control. A time constant of 0.5 or one
second is usually used. (This compromise is influenced by quality con-
sidgrations as well as noise considerations.)

In the MUSA system signal-to-noise ratio measurements the time
constant of the automatic gain control circuit (0.06 second) was not
cha%nged during the switchover from the MUSA to the single antenna.
If (1', time constant of 0.5 second had been used with the MUSA and a
one-second time constant with the reference receiver, the measured
improvement would probably have been reduced by a little less than
one decibel.
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Fig. 41—Sample of signal and noise variations occurring in MUSA tests. The
arrows indicate noise levels beyond the scale of the meter. This record was
obtained five minutes before that in Fig. 40.

E

}
; NEEE WIS I A
-5l N [ l"\/" \ 1

VAN SV AW

e

=7 >
=

(
()

NOISE METER
IN DECIBELS
o

Method of Averaging Noise

In all of the signal-to-noise measurements and in the diversity
analysis noise voltage has been averaged arithmetically along the time
axis. Owing to a rather marked reduction of noise peaks with the
MUWSA compared with a unit antenna different improvements would
reS}ﬂt if different ways of measuring it had been adopted. To investi-
gate this, motion pictures were made of the signal meter and noise
meter variations for the MUSA and for the single antenna. The tran-
scribed records appear in Fig. 41. Some calculations have been carried
out, for the noise distributions marked 4, B, and C in Fig. 41. If the
noise ratio of B/A measured by arithmetically averaging noise voltage
is c{alled 0 decibels, it becomes +2.4 decibels by averaging power arith-
me\]tically. The corresponding figures for B/C are 0 and +2.7 decibels.
Thps, if noise power is averaged instead of noise voltage the measured
primary diversity improvement is substantially increased.

IFrom the point of view of the interfering effect upon speech it is
not clear which method of averaging is more significant. This matter
is probably related too closely to the distortion which incidentally
accompanies the noise peaks to be considered alone.
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In the light of the discussion presented in the preceding pages it
appears that the signal-to-noise improvement of the experlmental
MUSA can be expressed as 8 +1 decibels.

Square-Law Detectors

In the discussion of the signal-to-noise measurements it was stated
that the measured improvements would have been higher had square-
law audio detectors been used instead of linear rectifiers. For the two-
bundle MUSA measurements one decibel was allowed for this and for
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Fig. 42—Circuit employed in the analysis of the effect of detector
characteristics upon signal-to-noise ratio.

the three-antenna diversity measurements at Netcong 0.5 decibel was
allowed. These figures are based upon tests to be described in the
following paragraphs. First, however, an analysis will be made of the
effect upon the signal-to-noise ratio of various types of detectors in a
MUSA system. Fig. 42 is a schematic representation of the system to
be analyzed, comprising K branches. The K signal generators esu,
€sm, * - - e;x Tepresent the various wave bundles as received by the
steerable branches. The noise generators €., é.s, - - - e.x are equal
in amplitude but random in phase. The detectors are generalized to
the extent that the audio output is proportional to the w power of the
input.

Assuming that e,> >e, the audio outputs are proportional to ey,

g 0 —1
ewp, - - - exx. The noise outputs are then proportional to e.,se,
enp€lg, + - - e.xe's since the signal-to-noise ratio in each branch
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must, be independent of 4. Assuming the signals to be delay equalized,
the signal-to-noise ratio of the final output is

E, _ et + et + -+ etk )
E, en\/’ezu—z + e;z;—z + -+ esz}é—z

Maxilmizing this expression with respect to u shows that the maximum
~ occurs for u=2 (square law) and is

E, el +elp+ - + ek
L - ®
E., ey

(u = 2)
That this expression represents the maximum signal-to-noise ratio
may 'also be concluded by observing that 1t is proportional to the

squaxle root of the total energy.
or linear detectors u=1 and the signal-to-noise ratio becomes

Es esA+esB+"'+6sK

= — 2 9
E, e VK ®
(w=1)

If the branch signals are all equal, i.e., if esa=¢€p= -+ =ex, (8)

and { 9) give the same result, but for unequal amplitudes there is an
advaptage in using square-law detectors.

This analysis shows that square-law detection introduces just the
correct amount of emphasis upon the stronger waves and that any
addltlonal expansion or contractions of the differences among the
Waves is detrimental. This means that the gains in all branches should
be equal It also indicates that any arrangement in which the stronger
of th]e several waves is automatically switched in and the remaining
ones Iswi’cched out is inferior.

Trhe experimental MUSA receiver is equipped with both linear and
square-law detectors, and some signal-to-noise ratio comparisons were
madé using locally generated signals. ¥ig. 43 shows schematically the
essentlal parts of the test circuit. The noise generators represent the
thermal noise originating in the receiver input circuits. The input
signal e, was modulated with a tone. The calculated curves shown in
the figure are obtained from (8) and (9) which reduce to

e 4/1 + <683>2 (10)
s A
En €54

U =
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Es <1 + esB) (11)
= .

En ' €sa

Uu

=1

and to

The equation for the square-law detector is sound and was verified by
the measurements. The equation for the linear detector should apply
only over a certain range of signal and noise levels. The measurements
indicate this.

O-MEASURED WITH SQUARE LAW DETECTOR
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Fig. 43—Test circuit and experimental results of the study
of detector characteristics.

Automatic gain control was not used in these tests since the two
gain controls could not be relied upon to “track” sufficiently well. To
make the measurements significant manual gain control was used to
maintain the receiver gains equal and the output normal. It may be
pointed out here that in receiving actual radio signals with linear de-
tectors accurate equality of gains is not required. Modcrate differences
in gain (of a few decibels) can be depended upon to be beneficial as
often as detrimental. With square-law detectors no departure from
equality can be beneficial.

The curves of Fig. 43 show that 10- and 20-decibel differences in
signal level give the square-law detector an advantage of one and two
decibels, respectively. In receiving two bundles of waves the branch
outputs commonly fade in and out with the result that their average
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ratio is of the order of 10 decibels. Such were the conditions, as well
as could be estimated, during the two-bundle tests in Tables I1I and
IV. The one-decibel correction applied to those results in Table V
is therefore justified. In the one-wave bundle measurements, the per-
centage of time during which the branch outputs were substantially
different was so small that no correction was applied in Table V. In
the case of space diversity the correction is also small; about 0.5 deci-
bel seems reasonable.

Irom the point of view of distortion in receiving double side-band
signals linear detectors are superior to square-law detectors and this
compensates their inferiority in signal-to-noise ratio. The principal
reason for using linear detection in the signal-to-noise ratio tests of
the MUSA was, however, their experimental advantage in simplicity
and accuracy (Fig. 35).

Random Addition of Static

In ahalyzing the spaced antenna systems at the beginning of this
section it was assumed that the static outputs of the antennas add
on a power basis. An experimental study of this was made by measuring
the static output of one unit antenna and comparing it with the static
output of the six antennas combined as one MUSA branch. The
circuit shown in Fig. 35 was used for these experiments. The results
are tabulated in Table VIII. g

TABLE VIII
Type of Addition Thermal
Date | GMT fme gbe Max. Min. | Noise QRM Method
atie db  db db
1935
9-19 1530 18.6 - star 8.5 —12 light Rdg. DB Meter
10-15 1500 9.51 star 8.0 Rdg. DB Meter
10-16 9.51 distant 7.5 -6 Rdg. DB Meter
10-22 1500 9.51 crash 8 —20 none Vary I-F gain
10-23 1500 9.51 distant 8 -9 light Vary I-F gain
1820 11.86 distant 8.5 . light Vary I-F gain
10-24 1500 9.51 star 11.4 5.4 —12 light Vary I-F gain
1510 9.51 star 11.0 6.0 —12 light Vary I-F gain
2045 9.51 crash 7.5 —30 light Vary I-F gain
11-1 1450 9.51 distant 9.0 — 8 none Vary I-F gain
1830 9,51 distant 8.0 -7 — Vary I-F gain
- 1936
1-7 1500 9.51 distant 7.5 — 8 light Vary I-F gain
1505 9.51 distant 8 — 8 light Vary I-F gain
1-14 0300 4.82 crash 8.2 7.3 —20 none Fluxmeter
1-15 0300 4.82 crash 6.8 3.0 —30 none Fluxmeter
Average 8.0

The column headed f.. indicates the frequency to which the re-
ceiver was tuned. The MUSA was tuned to a desired station which
possessed a comparatively clear channel, and, following the signoff
of the station, static was measured without a demodulating carrier.
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The receiver was, of course, operated with manual instead of auto-
matic gain control. Care was taken to insure that overloading did not
occur. The column headed “addition” gives the ratio in decibels of
the static output of the six-antenna branch to that of one antenna.
Where figures are entered in the middle of the column no effect of
steering was noticed. (Effects of the order of one decibel could have
been overlooked, however.) The column headed thermal noise gives
the ratio in decibels of receiver noise originating in one of the first
circuits (measured with a resistance replacing the antenna) to the
total noise measured with the unit antenna connected. It shows that
thermal noise was negligible. i

The star static® was steady and therefore accurately measurable.
The crash static on 4.82 megacycles was so intermitéent that it re-
quired the use of the fluxmeter to obtain a satisfactory measurement.

The average of all those measurements showing no effect of steer-
ing is 8.0 decibels compared with the theoretical figure of 10 log
6="7.8 decibels, for random addition. The random assumption em-
ployed in the analysis is thus justified on the average.

Summarizing Discussion

The aim of the signal-to-noise study described in this section has
been not so much to evaluate the intrinsic merit of the experimental
MTUSA system as to compare its behavior with a simple theory. The
element of research has been to find out how well the transatlantic
waves fit into the background of the simple theory. To this end some-
what artificial devices, thermal noise and rectified carrier, were sub-
stituted for static and speech signals.

The study included an analysis of diversity action in which the effect
upon the signal-to-noise ratio of (1) delay equalization, (2) detector
characteristics, and (3) automatic gain control action was displayed
prominently. Although those effects, taken together, are important,
they are individually small and could be separately evaluated only by
locally controlled test methods.

‘We propose now to review the results of the tests and studies. The
slight decrease in improvement which would have occurred had the
speed of the automatic gain control been reduced, and the increase in
improvement which would have resulted had noise power been aver-
aged do not affect the fundamental considerations and will be neg-
lected here.

One wave bundle received with one branch (Table V) yielded an

2 K. G. Jansky “Electrical disturbances apparently of extraterrestrial
origin,” Proc. I.R.E., vol. 21, pp. 1387-1398; October, (1935).
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improvement of 7 decibels which is about one decibel less than 10 log
N =7.8 decibels calculated by simple theory (Fig. 34, Case I). Com-
ments relating to this have been given. .

One wave bundle received with two branches steered on each side
of the center of the bundle yielded eight decibels improvement (Table
V). Of this, one decibel is due to primary diversity action and three
decibels are due to the secondary diversity gain. This three-decibel gain
was assumed in the simple theory although it was not then designated
as secondary diversity gain. It accrues by virtue of voltage addition
of the signals and power addition of the noise. Both of these conditions
are satisfied in Table V. There remain four decibels which represent
the signal-to-noise improvement in each branch, referred to one an-
tenna. This indicates a loss of three decibels as compared with a single
branch steered at the center of the bundle, which gives seven decibels;
this is reasonable when it is remembered that the branches were .
steered apart by a phase difference of about 60 degrees (¢4 —¢5=160°).
A loss of three decibels is about what one would estimate upon inspect-
ing the directional patters for ¢ =60 and 120, say, on Fig. 20. The pro-
cedure in which two branches are steered at one bundle as in the above
is frequently employed and is an important factor in the operation of
aMUSA. -~

The case of two wave bundles tabulated in Table V also yields an
improvement of 7.5 to 8 decibels. Of this, one decibel and three decibels
are due to primary and secondary diversity action, respectively, as in
the case of one bundle. This leaves 3.5 to 4 decibels for the signal-to-
noise improvement in each branch referred to a unit antenna. But the
unit antenna has the advantage of two bundles, whereas the MUSA
branch excludes one of them, a three-decibel difference. In comparison
with a unit antenna receiving only one bundle, the improvement to be
ascribed to one branch thus is increased to 6.5 or 7 decibels. This result
compares favorably with the seven decibels yielded by one branch-
steered at one bundle. It is in this case of two bundles that square-law
detectors are most important. Their advantage, amounting to an esti-
mated one decibel, has already been included in Table V, it will be
remembered. )

The measurements which have permitted the above analysis of the
MUSA signal-to-noise improvement were of course supplemented by
aural observations made over the course of a year and a half. The
listening tests corroborate the analytical results as well as can be ex-
pected of such observations. Not infrequently they showed somewhat
less than the full eight-decibel improvement. The indications are, how-
ever, that a larger MUSA with three (or possibly four) branches would
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have yielded more nearly its full gain of 10 log N decibels. For,a MUSA
receiving system does not perform its functions properly unless it is
sharp enough to separate the waves sufficiently to permit eéffective
delay equalization; also, to obtain the full gain, enough branches must
be provided to utilize all of the important wave bundles. The Holmdel
experimental MUSA is really a conservative approach to the field of
steerable directivity. There is, of course, an upper limit to the size
of a MUSA, beyond which (1) technical difficulties in phasing, ete., will
oceur, (2) the cost of the ilnprovement may be less if introduced at the
transmitter, and (3) the directional sharpness becomes too great to
permit practical operation with waves of the stability encountered in
transatlantic transmission. At present, a system about three times the
length of the experimental MUSA comprising eighteen antennas and
equipped with three branches seems practical. It should yield an.im-
provement of 10 log 18=12.5 decibels more consistently than the pres-
ent MUSA yields eight decibels.

It may be worth while here to point out that as the number of an-
tennas in a MUSA system is increased there is no tendency for static
to become subordinate to thermal noise (set noise) or vice versa when
static, like thermal noise, adds on a power basis. Only to the extent that
transmission-line loss increases with the number of antennas will the
ratio of thermal noise to static increase.

A type of transmission sometimes oceurs for which the experi-
mental MUSA gives only small signal-to-noise improvement. We refer
to the highly scattered propagation associated with flutter fading, dis-
cussed at the close of Section IV. In such cases signal-to-noise improve-
ment is not highly significant, however, since at least in the worst cases,
the distortion renders the circuit worthless. Thus, increasing the trans-
mitting power is hkerse ineffective. On the other hand the experi-
mental MUSA can accomphsh something by rejecting some of the
scattered waves which appear to be responsible for the flutter fading.
This is accomplished without a corresponding loss of signal-to-noise
ratio since, of course, noise is rejected, too. Fortunately, flutter fading
does not seem to be associated prominently with greatly depressed
field intensity so the failure to secure signal-to-noise improvement with
flutter fading does not appreciably penalize the MUSA as a means of
extending operation through periods of depressed field conditions.

VI. RecarrruLaTion

The MUSA receiving system described in this paper is the culmina-
tion of some four years effort to determine the extent to which receiv-
ing antenna directivity may be carried to increase the reliability of
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short-wave transatlantic telephone circuits.® Fundamental experi-
mental studies of wave propagation were made with particular empha-
sis upon how the waves arrive. Based upon the results of these studies
a system was evolved in which a new technique of phasings was re-
quired. The result is a steerable antenna whose signal-to-noise ad-
vantage is seven to eight decibels compared with the largest fixed
antenna that can be employed effectively. By analyzing this improve-
ment and comparing the various contributing factors with theory, it
is possible to estimate that a system three times larger than the ex-
perimental one will yield an additional four to five decibels, and will
perform better consistently. In addition to the signal-to-noise improve-
ment a substantial improvement in quality is obtained by reducing
the distortion associated with selective fading. It is both interesting
and important to note that whereas so often one advantage is gained
only at the expense of another, in the MUSA system the best quality
improvement and the greatest signal-to-noise advantage are obtained
together, without compromising.

The system developed is expensive and might be thought to illus-
trate the law of diminishing returns. As a part of a point-to-point
radiotelephone system, however, it has certain compensating features
not mentioned thus far. One of these is the broad frequency band
feature.

With essentially aperiodic unit antennas the MUSA possesses a
broad frequency range; i.e., the directional pattern, despite its sharp-
ness, is substantially the same over a band of a hundred or more kilo-
cycles providing the terminal equipment is made sufficiently broad.
(See Appendix I.) The broad-band feature is important for its possi-
bilities in multiplexed operation of telephone circuits; i.e., it makes
possible, insofar as the antenna system is concerned, the adaptation
of some of the carrier telephone methods to radio circuits. It is to be
expected that, excepting certain critical cases, fairly large percentage
frequency bands will follow virtually the same paths. This assumption
was verified by a few experiments in which pulses were received simul-
taneouslyfrom GBS (Rugby, 12,150kilocycles) and GBU (Rugby, 12,290
kilocycles) 140 kilocycles apart. These tests showed that, although the
pulse fading was, of course, not synchronous, the angles involved were
alike.

Another compensating feature of the MUSA receiving system is
that, with suitable terminal equipment, reception may be carried on
from several points at once provided they lie within the horizontal

3 Potter and Peterson, “The reliability of short-wave radio telephone cir-
cuits,” Bell Sys. Tech. Jour., vol. 15, pp. 181-196; April, (1936).
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angular range of the unit antenna. Some sacrifice in vertical angular
selectivity occurs but this is confined to low angles where it is least im-
portant. :

Certain features of the system make for economies in plant cost.
The fact that a great many components are identical permits manu-
facturing economies. Also, spare units need be provided only for g few
vital funetions, since the failure of one of the many similar parts does
not disrupt service.

The development of steerable directivity has thus far been con-
cerned with receiving antennas. In receiving, one has the obvious ad-
vantage of having, in the monitoring branch, a criterion to dictate the

. steering adjustments. The lack of such a direct, criterion for adjusting
transmitting directivity does not, however, rule out the possibility, at
some future time, of a MUSA transmitting system. That horizontal
steering of transmitting directivity may be decidedly important is
strongly suggested by observations made on transmissions from Dav-
entry in which significant effects upon flutter fading have been found
to be associated with the orientation of the directional transmitting
antennas.
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ApPENDIX I
Broad-Band Characteristic of the MUSA

The frequency characteristic of the MUSA may be calculated from
(3). Frequency and angle appear only in the form 2wa (v—cos @)
where a is inversely proportional to frequency. By writing the equation

2mDf [v— cos 8] = 2rDy + &) [v— cos (§ + A%)]
¢ ¢

we express the angular shift, from § to (6+A48), of a given point on the
directional pattern as the frequency is varied from f to (f +4f). This
equation may be rewritten as
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Af v*— cos 8
1+—== a
/ v — cos (6 + As)

As an example consider Af=200 kilocycles, f=10 megacycles,
8=30degrees, and v=1.05. Then A§= — 0.4 degree. For lower values of
8, Ad becomes still smaller.

The frequency characteristic expressed in terms of percentage band
and angular shift given by the above equation is independent of the
size of the MUSA. It relates to the over-all length of the system, how-
ever, by the fact that for greater lengths a given angular shift has more
effect.

The broad band of the MUSA reflects the fact that, with the ter-
minal at the “leeward” end as assumed heretofore, the delay of the
space paths is nearly the same as that of the transmission-line paths so
that if the antenna outputs are phased to add at one frequency they
will nearly add at other frequencies. If the terminal is located at the
center of the MUSA to economize on transmission line, the frequency
range is greatly reduced. The broad band may be regained, however,
by delays introduced in the receiving equipment. With a center loca-
tion, the antennas in the forward and rearward sections of the MUSA
must have their phases shifted oppositely, and, unless certain other
compensating networks are provided, the two phase shifts must be
coupled in different phase relations for different wave lengths.
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% oFF |
Initiative — Resoutcefulness — Coopemlon :
to advance the interests
of the industry

o
i

[ e

INTERNATIONAL RESISTANCE COMPANY

401. NORTH .BROAD STREET, PHILADELPHIA, PA.

Factories or: I.ucensou in Canada England Fra.nce Germany, Italy, Denmark and Austrnlu

MAKERS OF RESISTANCE 'UNITS OF MORE TYPES, IN MORE SHAPES, FOR
e MORE APPLICATIONS THAN ANY OTHER MANUFACTURER IN THE. WORLD.

When writing to adveriisers mention of the Procrrpines will be mtually helpfid.
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SHORT W AVE RECEIVER MEASUREMENTS
——— SOUND OR TELEVISION —

R i

\ ULTRA SHORT WAVE SIGNAL ENERATOR
— Type T F 390 —

-

Following the success obtained with our
STANDARD SIGNAL GENERATOR Type T.F.
144, we introduce to you our ULTRA SHORT

WAVE MODEL.
"The important features are:—

FREQUENCY RANGE 20-150 Mc/s.
OUTPUT, continuously adjustable from 0:1 vV-
100 Millivolts.

OUTPUT IMPEDANCE 3-30 ohms.

MODULATION Adjusted to 309, approx.
MAINS OPERATED Conversion plug available

for alternative battery use.

We have had the pleasure of supplying these to
the Air Ministry, The Gramophone Co,, international
Television Lid., etc. o

MARCONI-EKCO
INSTRUMENTS

LIMITED .
Electra House, Victoria Embankment, London, W.C.2

When writing to adwertisers mention of the PROCEEDINGS will be mutwally helpful.
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The l[/ timate 3[1
S uper - Seniitivi ty

1.*No Current Draw
2, ** Self-Calibration

3. *** No External Field
Effect

MODEL 1250

VACUUM TUBE
VOLTMETER

¥ Means accuracy cannot be affected by
the current draw of the Instrument
itself, No current draw and permanent
aceuracy of Triplett Vacuum Tube Volt-
meter is assured by the self-callbrating
bridge circuit used.

*¥ The most Imgertant advancement in
elrcuit design for precision electrical
instruments in recent years.

*** No external field effect means strays-
wiil not affect readings.

Laboratories and engineers will use and immedi-
ately appreciate the significance of this remark-
able instrument. Indispensable also in the servicing
field ‘for measuring electrical impulses either A.C.
or D.C. of low magnitude such as the carrier wave
of signal circuits, and particularly for television
work.

The self-calibrating feature is automatic with the
tube bridge circuit developed by Triplett engineers
(Pat. Pending). The initial operation of adjusting
the bridge at the zero level insures exact calibra-
tion independent of tube emission values or when
replacing tubes. ’

DEALER
PRICE

s3334

Model 1250 is furnished with Triplett tilting type
twin instrument. One instrument indicates when
bridge is in balance. The other is a three range
voltmeter with scales reading in peak A.C. and
D.C. voltages. Ranges are 2.5, 10 and 50 volts.
Other ranges to order. ’

Model 1250 is complete with all necessary acces-
sories including 1-84, 1-6C6, 1-76. Case is metal
with black wrinkle finish, panels are silver and

black.
'DEALER PRICE $33.34

THIS IS A TRIPLETT MASTER UNIT

MAIL THIS COUPON

The Triplett Electrical Instrument Co.
217 Harmon Ave.. Bluffton, Chio

1

i

:

'

O Without obligation please send me complete |
In‘ormation on Triplett Vacuum Tube Volt- !
meter, '

When writing to advertisers mention of the PROCEEDINGS will be mwiually helpful,
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TYPE 57 TYPE 59
MICA TRANSMITTING CAPACITORS

Hermetically sealed in ceramic tubings, as illus-
trated above the type 50 to 59 series is extremely
adaptable and can be mounted in either a vertical
or horizontal plane. Series, series-parallel or any
other circuit combination can be readily obtained
by bolting together the low resistance cast alumi-
num terminal end plates of these capacitors. Avail-
able in a complete capacity range at voltages up
to and including 50,000 volis. Capacitors in this
group are used as neutralizers, padders in tank
circuits and wherever low capacity condensers of
high voltage characteristics are required.

TYPE TB

TYPE TJ
DYKANOL TRANSMITTING CAPACITORS

Impregnated and filled with nen-inflammable
Dykanol, and hermetically sealed in welded steel
containers, these capacitors will not be affected by
climatic conditions. Glazed porcelain insulators of
ample size assure a sufficient margin of safety to
withstand the most exaggerated peak voltages. The
extraordinarily high dielectric strength and dielec-
tric constant of Dykanol has made possible not only
the compact comstruction of these capacitors, but
also has permitted their operation at voltages fully
10% above the unit’s rating without injury to
the capacitor. Awailable at voltages from 600 to
25,000 velts D.C.

Leading breadcast stations, government departments and transmitting equipment manufac-
turers standardize on Cornell-Dubilier capacitors. C-D capacitors have established their
dependability through years of consistent unfailing service.

For more than twenty-seven years the world’s largest exclusive manufacturer of capacitors.
Catalog 127 gladly furnished on request.

MICA - PAPER - DYKANOL - WET AND DRY ELECTROLYTIC CAPACITORS

TV TS

SOUTH PLAINFIELD, NEW JERSEY



To Measure—

LIGHTNING

BLINDING FLASH-—a crashing, deafening roar—and

10,000,000 volts of man-made lightning thunders
through the high-voltage laboratory. In the almost in-
conceivably brief time of one ten-millionth of a second,
there is set loose 12,500,000 kilowatts — more than fifty
times the total electric power developed at Niagara Falls.
From hundreds of experiments like this, G-E engineers
have developed instruments to measure lightning strokes.
Instruments like the surge-crest ammeter, which has
measured lightning currents as high as 160,000 amperes;
instruments similar to the automatic oscillograph, by
means of which flashovers may be located on lines miles
from the powerhouse. If you have a problem that involves
the measurement of any quantity, remember that General
Electric is Headquarters for Electrical Measurement.
Address the G-E office nearest you or Schenectady, N. Y.

430-81D

GENERAL B ELECTRIC

When writing to advertisers mention of the Proceepines will be mutually helpful.
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ENGINEERING DIRECTORY

QUARTZ CRYSTALS

for Standard or Special
Radio Frequency Applications

Write for Catalog

BLILEY ELECTRIC CO.
230 Union Station Bldg.
ERIE, PENNA.

PRACTICAL RADIO
ENGINEERING

One year Residence Course
Advanced Home Study Course
Combined Home Study-Residence
Course
Write for details
Capitol Radio Engineering
Institute
Washington, D.C.

Cathode Ray Tubes
and Associated
Equipment For All
Purposes

Write for Complete
Technical Data

ALLEN B. DUMONT
LABORATORIES
UPPER MONTCLAIR, N.J.

MICROPHONE

APPLICATIONS

Our engineering department will co-
operate, without obligation, in the
selection of suitable microphonzs for
standard or special applications.

SHURE BROTHERS

“Microphone Headquarters®
225 WEST HURON ST. CHICAGO, U.S.A.

COIL APPLICATIONS

Our coil specialists will engineer and
design to your specific requirements
coils for original installation or re-
placement purposes. Write for cata-
log or send specifications for quota-
tions.

EDWIN 1. GUTHMAN and
CO., INC.
400 S. Peoria St.
Chicago, Ill.

DON C. WALLACE

Representing Eastern Radio
Manufacturers

Manufacturers’ Representative,
Pacifie Coast Office:
4214 Country Club Drive
Long Beach, California
Phone 434-59

Q- Mecasurements

We specialize in equipment for
the radio frequency measurement’
of “Q” (X/R) of coils, condens-
ers and other radio components.

Write for Circular

BOONTON RADIO CORPORATION
BOONTON, NEW JERSEY

To Consultants and Designers
of Special Equipment

A card on this page is an effective
business-builder. Write for information
and rates to

THE INSTITUTE OF RADIO
ENGINEERS, INC.
330 West 42nd Street, New York, N.Y.

When writing to advertisers mention of the ProCrepinGs will be muiually helpful,
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PROCEEDINGS BOUND
VOLUMES

OLUME 23 (1935) of the Proceedings is now
Vavailable in bound form to members of the Insti-
tute. It may be obtained in Buckram or Morocco leather
for $9.50 and $12.00 respectively. Foreign postage is
$1.00 additional per volume.

Buckram bound copies of Volumes 18 and 19 (1930
and 1931) are also avaitable for $9.50. Foreign postage
is $1.00 additional per volume.

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful,
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7:_%} Coramiz-eated, RESISTORS

S

2% TIMES ACTUAL SIZE

IS BUILT INTO EVERY DETAIL

100%, sealed with moisture-proof, ceramic material that bonds to the ceramic shell, term-
inal wire and metal cap.

/

Terminal caps are applied by a patented process that makes a firm, lasting contact with
the carbon resistance element. Impossible to loosen tinned-copper terminal wires by longi-
tudinal pull or side thrust.

3 Pre-formed uniform ceramic shell that will withstand 3,000 volts A.C. without insulation
breakdown assures positive, uniform insulation, Erie Ceramic-Sealed Resistors may be
located anywhere in the set chassis without danger of shorts or grounds.

Years of research and testing have produced a combination of raw materials that im-
parts all-round balanced performance to the selid moulded carbon resistance element.
Erie Ceramic-Sealed Resistors more nearly retain their actual rated values under all kinds
of operating conditions.

5 Because the, insulating shell is pure white, resistance and tolerance color bands retain their
true hue when applied; are easy to read under all types of artificial illumination. With
Eric Ceramic-Sealed Resistors there's no guesswork in the assembly line when selecting
proper resistance values.

gags;;iilssgggg Eg‘s PROERSIASTTISE ;\UTOM':LIC INJECTION
LDING
ToronTO IELIHA TR A 7ZCIIY LONDON'

When writing to advertisers mention of the PRoOCEEDINGS will be muinally helpful.
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SUBMIDGET
. CONTROL

Maximum resistor lengih for case diameter ® Close uniformity between
resistors ® Accurate tapers ® Uniform current distribution ® Lower
specific resistance and attendant low noise level ® Better power dissipa-

tion ® Lbnger life . &

Complete specification sheets
available. A post card will bring  DIVISION OF GLOBE UNION, INC. MILWAUKEE "
descriptive literature. . CANTERBURY ROAD KILBURN N. W. ENGLAND ;

118 AVENUE LEDRU-ROLLIN, PARIS
When writing to advertisers mmtion of the PROCEEDINGS will be mutually helpful.
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EMPLOYMENT PAGE

Radio Mechanical Engineers—Wanted by a large radio firm in the
Great Lakes District. Previous experience on radio dial and me-
chanical design required. State education, experience;”and salary
expected. Reply to Box No. 176, ¢/o The Institute of Radio Engi-
neers, 330 West 42nd Street, New York, N.Y.

Chief Radio Draftsman—Experienced executive draftsman with me-
chanical engineering training preferred. Great Lakes District. State
education, experience, and salary expected. Reply to Box No. 177,
¢/o The Iastitute of Radio Engineers, 330 West 42nd Street, New
York, N.Y.

Radio Engineers—Experienced design engineers on AC and battery
receivers. State full details, experience and salary. Reply to Box No.
178, ¢/o The Institute of Radio Engineers, 330 West 42nd Street,
New York, N.Y.

Radio Amateur—Must be electrical engineering graduate. Ex-
ceptional opportunity. Chicago manufacturer. State age, education,
experience, and salary expected. Reply to Box No. 179, c/o The
Institute of Radio Engineers, 330 West 42nd Street, New York, N.Y.

ENGINEERING POSITIONS

Advertisements on this page are accepted from organizations interested in emploring
Institute members. Information on rates, preparation of material, and closing dates
will be mailed on request.

THE INSTITUTE OF RADIO ENGINEERS
330 WEST 42nD STREET, NEW YORK, N.Y.

& INSTITUTE EMBLEMS

Three styles of emblems are available to members of the Institute only. They are
all of 14k gold with gold lettering on an enameled background, the color of which
indicates the grade of membership. The approximate size of each emblem is as
illustrated.

LAPEL BUTTON
The lapel button is supplied with a screw back having faws which @ E},
fasten it securely to the goat. The price is $2.75, postpaid, for any

grade.
PIN

The pin which is provided with a safety catch may be obtained for
any grade for $3.00, postpaid.

WATCH CHARM

The watch charm is handsomely finished on both sides and is
equipped with a suspension ring for attaching to a watch chain or
fob. Price for any grade, $5.00, postpaid.

THE INSTITUTE OF RADIO ENGINEERS, INC.
330 WEST 42ND STREET, NEW YORK, N.Y.



THE IDEAL LABORATORY
OSCILLATOR

¢ Two watts Output

* 1@ Cycle to 20,000 Cycle Range

® Direct Reading to One Cycle

* Distortion Less than 1% Above 100 Cycles
® Negligible Frequency Drift

® A-C Operated

Type 713-A Beat-Frequency Oscillator: $485.00

Write for complcte description. Ask for Bulletin 148-R

GENERAL RADIO COMPANY

Cambridge, Massachusetts
New York Los Angeles San Francisco

GEORGE BANTA PUBLISHING COMPANY, MENASHA, WISCONSIN



