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Vie 31nztitute of Rabic! Crigineerz

GENERAL INFORMATION
INSTITUTE. 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.

AIMS AND OBJECTS. 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-
complishing this is the publication of papers, discussions, and communi-
cations of interest to the membership.

PROCEEDINGS. The PROCEEDINGS is the official publication of the Institute and
in it are published all of the papers, discussions, and communications re-
ceived from the membership which are accepted for publication by the
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
PROCEEDINGS 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
submitted to the Institute for publication shall be regarded as no longer
confidential.

REPRINTING PROCEEDINGS MATERIAL. The right to reprint portions or abstracts
of the papers, discussions, or editorial notes in the PROCEEDINGS is granted
on the express condition that specific reference shall be made to the source
of such material. Diagrams and photographs published in the PROCEEDINGS
may not be reproduced without making specificarrangements with the Insti-
tute through the Secretary.

MANUSCRIPTS. 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.

MAILING. 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 February 28, 1925, embodied in Paragraph 4, Section 412, P. L. and
R., and authorization was granted on October 26, 1927.

Published monthly by

THE INSTITUTE OF RADIO ENGINEERS, INC.
Publication office, 450-454 Ahnaip St., Menasha, Wis.

BUSINESS, EDITORIAL, AND ADVERTISING OFFICES
Harold P. Westman, Secretary

330 West 42nd Street. New York, N. Y.
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INSTITUTE NEWS AND RADIO NOTES

March Meeting of the Board of Directors

The regular monthly meeting of the Board of Directors was held on
March 3 in the Institute office and attended by H. H. Beverage, presi-
dent; Melville Eastham, treasurer; Ralph Bown, Virgil M. Graham,
L. C. F. Hoyle, C. M. Jansky, Jr., B. J. Thompson, H. M. Turner, L. E.
Whittemore, and H. P. Westman, secretary.

Forty-nine applications for Associate membership, one for Junior,
and sixteen for Student membership were approved.

An Annual Review Committee was appointed to take charge of the
preparation of a report on the developments in radio and allied fields
which have been published during the past few years. A. F. Van Dyck
was named chairman.

A Technical Committee on Wave Propagation was established with
J. H. Dellinger as chairman. This committee will prepare a review of
this subject each year for submission to the Annual Review Committee
as part of its report.

An invitation for the Institute to hold its 1938 Convention at
Murray Bay, Quebec, Canada, was considered and tabled pending the
obtaining of further information.

An award to the author of the best prepared paper published in the
PROCEEDINGS each year was approved.

A New Award

At the March 3 meeting of the Board of Directors it was agreed
that a new award would be made as an incentive for the careful pre-
paration of papers submitted for publication in the PROCEEDINGS. A
prize of $100 will be awarded at the annual convention of the Institute
for 1938 to the author or authors for that paper of sound technical
merit published in the PROCEEDINGS for 1937 which, in the opinion of
the Awards Committee, constitutes the best presentation of the subject.

Joint Meeting of the Institute and the American Section
of the International Scientific Radio Union

The annual joint meeting of the Institute of Radio Engineers and
the American Section of the International Scientific Radio Union will
be held in Washington, D. C., on April 30, 1937. This all -day meeting

371



372 Institute News and Radio Notes

is an important feature of the week which attracts to Washington every
year an increasingly large number of scientists and scientific societies.
Papers on the more fundamental and scientific aspects of radio will be
presented. There will be two sessions at the building of the National
Academy of Sciences, 2101 Constitution Avenue, Washington, D. C.,
beginning at 10 A.M. and 2 P.M. Papers will be limited to fifteen minutes
each to allow time for discussion. The tentative program given below
had been arranged at the time of going to press.

TENTATIVE PROGRAM, APRIL 30

Ursigrams Distributing Cosmic Data. A Progress Report, W. Davis, Science
Service.

The American Character -Figure as a Measure of Magnetic Activity of the Earth,
A. K. Ludy, U. S. Coast and Geodetic Survey, and A. G. McNish, Carnegie
Institution of Washington.

The Behavior of the Ionosphere During Terrestrial Magnetic Disturbances, S. S.
Kirby, T. R. Gilliland, N. Smith, and S. E. Reymer, National Bureau of
Standards.

Asymmetry in Radio Transmission Conditions Between Northern and Southern
Hemispheres, L. V. Berkner and H. W. Wells, Carnegie Institution of
Washington.

Anomaly of Broadcast Transmission over the North Atlantic, J. H. Dellinger,
S. S. Kirby, and N. Smith, National Bureau of Standards.

Further Observations of Ultra -High -Frequency Signals over Long Indirect
Paths, R. A. Hull, American Radio Relay League.

Radio Methods for the Investigation of Upper -Air Phenomena with Unmanned
Balloons, H. Diamond, W. S. Hinman, Jr., and F. W. Dunmore.

A Method of Measuring the Static Characteristics of a Power Tube and Calcula-
tions of its Operating Characteristics, E. L. Chaffee, Harvard University.

Measurement of Vacuum Tube Admittances at Ultra -High Frequencies, B.
Salzberg, J. M. Miller, and D. G. Burnside, RCA Manufacturing Company,
Inc.

The Frequency Stability of Ultra -High -Frequency Oscillators, Arnold Peterson,
Massachusetts Institute of Technology. (In co-operation with General
Radio Company.)

An Analysis of the Operation of Voltage -Controlled Electron Multipliers at
Ultra -High Frequencies, W. R. Ferris, RCA Manufacturing Company, Inc.

Parasitic Reflectors for Two -Frequency Antenna Arrays, A: A. Alford, Mackay
Radio and Telegraph Company.

Radiation from a Circular Antenna with Uniform Current, D. Foster, Westing-
house Electric and Manufacturing Company.

New Services from Station WWV of the National Bureau of Standards, J. H.
Dellinger, National Bureau of Standards.

Negative -Grid -Triode Oscillator and Amplifier for Ultra -High Frequencies, A.
L. Samuel, Bell Telephone Laboratories, Inc.
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Committee Work
ADMISSIONS COMMITTEE

A meeting of the Admissions Committee was held in the Institute
office on March 3 and attended by C. M. Jansky, Jr., chairman; F. W.
Cunningham, Melville Eastham, R. A. Heising, L. C. F. Hoyle, C. W.
Horn, E. R. Shute, A. F. Van Dyck, and H. P. Westman, secretary.
Two applications for transfer to the grade of Fellow were approved.
Three applications for transfer to Member were approved and one
tabled pending the collection of additional data. Six applications for
admission to the grade of Member were approved.

CONSTITUTION AND LAWS COMMITTEE

The Constitution and Laws Committee met in the Institute office
on February 26. Those present were H. M. Turner, chairman; Austin
Bailey, Ralph Bown, B. J. Thompson, and J. D. Crawford, assistant
secretary. The committee continued its scrutiny_ of the Institute Con-
stitution and proposed a number of modifications.

CONVENTION COMMITTEE

A meeting of the Silver Anniversary Convention Committee was
held on February 18 in the Institute office. Those present were H. P.
Westman, chairman; Austin Bailey, J. D. Crawford, Alfred N. Gold-
smith, J. D. Parker (representing E. K. Cohan), Haraden Pratt, H. S.
Rhodes, and B. J. Thompson. Preliminary plans were made for our
forthcoming convention.

MEMBERSHIP COMMITTEE

The Membership Committee met in the Institute office on March
3. Those present were F. W. Cunningham, chairman; H. A. Chinn.
T. H. Clark, I. S. Coggsehall, E. D. Cook, Coke Flannagan, H. C.
Gawler, C. R. Rowe, W. A. Schneider, C. E. Scholz, and H. P. Westman,
secretary.

Arrangements were made for preparing lists of existing members
who are eligible for transfer to higher grades than those held by them.
All sections will be asked to co-operate in this project as it is felt that
a substantial number of present members are amply qualified for ad-
vancement in grade.

NEW YORK PROGRAM COMMITTEE

The New York Program Committee met in the Institute office on
March 2. Those present were R. R. Beal, chairman; Austin Bailey,
G. C. Connor, J. D. Crawford, assistant secretary; R. A. Heising, Keith
Henney, and H. P. Westman, secretary. Arrangements for an April
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meeting were prepared and consideration given to the desirability of
circulating a questionnaire at a future New York meeting to obtain
information on the interests and desires of those who attend.

Institute Meetings

ATLANTA SECTION

The annual meeting of the Atlanta Section was held on January 21
at the Atlanta Athletic Club and attended by seventeen. I. H. Gerks,
chairman, presided. In the election of officers for the forthcoming year,
N. B. Fowler of the American Telephone and Telegraph Company was
elected chairman; P. C. Bangs of the Acoustic Equipment Company,
vice chairman; and G. S. Turner of the Federal Communications Com-
mission, secretary -treasurer.

Members learned with regret of the passing of H.L.Wills who served
as chairman of the section during 1932 and 1933.

A paper on "Automatic Frequency Control for Broadcast Receivers"
was presented by Tracy Barnes, service engineer of the Brown Dis-
tributing Company. An analysis was given of the latest circuits used
in Philco receivers. The operation of the discriminator and phasing
oscillator to secure "magnetic tuning" was developed and its perform-
ance in the various frequency bands outlined. The advantage of
balanced circuits was stressed. The paper was discussed by Messrs.
Gerks, Owen, and Reid.

The meeting was closed with a brief description by Ben Ackerman
of WGST of the items of major interest in the new transmitter and
antenna system at that station.

The February meeting of the section was held on the 18th with N.
B. Fowler, chairman, presiding. The meeting was held at the monitor-
ing station of the Van Nostrand Radio Engineering Service. Major
Van Nostrand presented a paper on "Radio -Frequency Measurements"
and it was possible not only to describe the system of measurement
used but to demonstrate it. The importance of extreme accuracy as
well as positive identification of the station undergoing measurement
was stressed. Graphs showing the results of measurements over a con-
siderable period of time were presented. Seventeen members and guests
attended this meeting and a general discussion followed the presenta-
tion of the paper.

At this meeting favorable action was taken on consideration of
pending legislation regarding the registration of engineers in Georgia.
In addition, new standing committees were appointed.
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BUFFALO -NIAGARA SECTION

G. C. Crom, chairman, presided at the February 17 meeting of the
Buffalo -Niagara Section which was held at the University of. Buffalo
and attended by thirty-eight.

L. A. DuBridge, professor of physics at the University of Rochester
presented a paper on "The Cyclotron and What It Can Do." In intro-
ducing his subject, Dr. DuI3ridge pointed out that the transmutation
of elements has occupied the minds of scientists and others for many
years. He described -the construction of equipment designed or used
for this purpose in comparatively recent years. A brief outline of cur-
rent concepts associated with efforts to break up the atom was given.
He then described the cyclotron and its method of operation. Its
limitations and the results so far obtained were given. Over one
hundred transmutations have so far been obtained but have involved
extremely small quantities of the elements. Many transmutations
proved unstable or were radioactive substances.

CHICAGO SECTION

On February 19 a meeting of the Chicago Section was held at the
La Salle Hotel and attended by ninety-five. J. K. Johnson, chairman,
presided.

The first paper was on "Electroacoustic Devices" by R. P. Glover,
chief engineer, Shure Brothers. He described the basic principles in the
early work of the Rochelle salt crystal devices. The bimorph composite
crystal has been applied successfully to sound -cell and diaphragm type
microphones. The design features, performance, and applications of
these microphones were discussed together with resulting practical
advancements in the technique of microphone calibration. The paper
was discussed by Messrs. Andrew, Conta, Crossley, Hershman, John-
son, Smith, and Starrett.

The second paper was on "Electromechanical Devices" and was
presented by Benjamin Baumzweiger of Shure Brothers. The treat-
ment of mechanical elements from the standpoint of electrical circuit
theory was discussed with particular reference to crystal vibration
pickups, actuators, and calibrating devices. The design and perform-
ance characteristics of a new phonograph record reproducer were
described. Corrective networks for crystal devices were treated briefly.
The paper was discussed by Mr. Wray.

CINCINNATI SECTION

G. F. Platts, chairman, presided at the February 23 meeting of the
Cincinnati Section which was held at the University of Cincinnati.
There were sixty-seven members present.
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"Impedance Matching in Vacuum Tube Amplifiers" was the sub-
ject of a paper by W. L. Everitt, professor of electrical engineering at
Ohio State University. In introducing the subject, Dr. Everitt pre-
sented a general discussion of the problems of impedance matching as
adapted to vacuum tube operation. It was pointed out that in each
case matching does not necessarily mean that the best condition is to
make the external impedance equal to the international impedance of
the generator. He then discussed the conditions to be considered in
adjusting impedance to obtain maximum power output and to reduce
distortion. The use of impedance transformer networks was explained.
By using Thevenin's theorem some points not clearly brought out
otherwise were clearly emphasized. He also discussed the use of non-
linear impedances such as in the case of class C amplifiers. The paper
was discussed by Messrs. Goldstein, Silver, and Yoller.

CLEVELAND SECTION

The February 25 meeting of the Cleveland Section was held at
Case School of Applied Science and attended by nineteen. R. A. Fox,
chairman, presided.

L. A. Chatterton, superintendent of radio communication of the
Cleveland Police Department, presented a paper on "Police Radio
Communication." The subject was introduced with a brief history of
police radio work, credit being given to Detroit for having furnished
initial impetus to this development. The Cleveland police radio service
opened in December, 1929, with six cars equipped. At the present time
the service is extended to thirty-six municipalities and actively serves
an immediate area of seventy-seven square miles and a total area of
approximately four hundred and seventy-seven square miles. In 1936
approximately 85,000 local messages were handled and in addition,
about 3000 interdepartment, intrastate, and interstate messages.
Police radio is valuable for its importance as a means of constant con-
tact between headquarters and men in the field which increases tre-
mendously the amount of work which can successfully be handled,
its psychological effect as a means of crime prevention, its ability to
permit the catching of criminals before they have had time to dispose
of the evidence of their crimes, and its breaking down of boundary
lines between local and suburban departments and its fostering of
generally wider co-operation.

A construction permit has been issued for a five -hundred watt
ultra -high -frequency transmitter in Cleveland. Nolan Walker of Can-
ton, Ohio, in discussing the subject, described the new ultra -high -fre-
quency two-way police radio system in use in that city. R. A. Fox and



Institute News and Radio Notes 377

R. M. Pierce also discussed the paper. An inspection was made of one
of the Canton police squad cars equipped for two-way service.

CONNECTICUT VALLEY SECTION

The Hotel Charles in Springfield, Massachusetts, was the location
of the February 18 meeting of the Connecticut Valley Section which
was presided over by F. H. Scheer, chairman. Twenty-five were pres-
ent.

A paper on "How To Protect Inventions" was presented by Walker
C. Ross, patent attorney. It was pointed out that patents are of two
types, basic and improvement. They are granted for objects, processes,
and machines. A patent conveys protection for a period of seventeen
years. When a new object or improvement is conceived it should be
sketched and described and immediately filed in the patent office.
Filing should not be delayed because having sketches witnessed does
not protect the inventor. In case of conflict, the patent will be granted
to the person showing the most diligence in filing and producing a
working model. For protection in foreign countries, the patent must
be filed within one year of the date the invention is filed in the United
States. The United States office handles about one thousand patents
each week and with the present system it takes from two to three
months to procure action. The filing fee is thirty dollars and an addi-
tional similar sum is charged for issuing the patent. In case a search
must be conducted to prevent infringement, this investigation cost is
additional and runs from fifteen dollars up.

DETROIT SECTION

The February 19 meeting of the Detroit Section was held in the
Detroit News Conference Room and presided over by Emory Lee, vice
chairman. There were eighty-five present.

H. J. Schrader, engineer for RCA Victor, presented a paper on
"Nine -Inch Cathode -Ray Oscilloscope and Engine Pressure Measuring
Equipment." He described first a new nine -inch cathode-ray oscillo-
graph tube and its application in a device for measuring pressure in the
cylinders- of gasoline engines. The apparatus consists of a quartz crystal
pickup inserted in the cylinder of the engine, an amplifier, the oscillo-
scope, and a synchronous timer. The pickup comprises a pair of quartz
crystals, used in a steel tube which is inserted in the cylinder of the
engine. Pressure in the cylinder causes the crystal to generate a pro-
portional electromotive force. This is passed through an amplifier
which is compensated to be linear from four -tenths cycle to eleven
thousand cycles. The output is impressed on the oscillograph tube.
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Timing is effected by small inductor type alternators mounted on the
shaft of the engine being tested. Pressure curves are obtained on en-
gines operating from twelve hundred revolutions per minute up. Pres-
sures are measured in the range from one hundred to above five thou-
sand pounds per square inch.

EMPORIITM SECTION

"Properties and Production of Nickel" was the subject of a paper
by E. M. Wise of the International Nickel Company which was pre-
sented at the February 19 meeting of the Emporium Section. M. I.
Kahl, chairman, presided. The meeting was held in the Emporium
American Legion Club Rooms and attended by forth -nine.

The subject was introduced with a review of the history of nickel
and how it has gradually come to be one of the most used metals in
vacuum tubes. A motion picture was then shown illustrating how
nickel was produced from the ore to the finished electrolytic product
which is better than 99.5 per cent pure. Methods of treating nickel to
gain various characteristics such as degrees of hardness, softness, etc.,
were described. The characteristics of nickel and nickel alloys were
then given in detail. The paper was discussed by Messrs. Abbott, Bair,
Bowie, Kahl, Kievit, Krahl, Ratchford, and Rischell.

Los ANGELES SECTION

Douglas Kennedy, chairman, presided at the January. 19 meeting
of the Los Angeles Section which was attended by twenty-seven and
held in the Los Angeles Junior College.

H. L. Olesen, engineer, Weston Electrical Instrument Company,
presented a paper on "Radio Instruments." It was pointed out that
the recent extention in sensitivity of small portable instruments was
made possible by the use of new small wire having an outside diameter
of a thousandth of an inch together with the development of machines
capable of winding this wire. Several meters were described in which the
pole pieces were especially shaped to produce the desired relation be-
tween input and response. Some new high voltage multipliers were
described. An assortment of new types of meters and devices using
meters was exhibited and the component parts of some popular types
of meters displayed.

MONTREAL SECTION

The inaugural meeting of the Montreal Section was held on Janu-
ary 20 in the auditorium of the Engineering Institute of Canada. There
were seventy present. The first election of officers resulted in the nomi-
nation of A. M. Patience of the RCA Victor Company as chairman, C.
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B. Fisher of the Northern Electric Company as vice chairman, and
W. R. Wilson of the Canadian Marconi Company, secretary -treasurer.

A paper on "Recent Developments in Measurements in Radio and
Audio Frequencies" was presented by R. F. Field of the General Radio
Company. After a brief outline of the history of various bridge circuits,
the advantages and applications of the Schering bridge were discussed
and its superiority over other circuits explained. The mathematical
theory of the bridge was developed and the frequency limitations in
its application for measuring capacitance, inductance, impedance,
etc., were described. It was shown that care must be exercised in the
construction of the components of the bridge with special reference to
electric screening.

The February 17 meeting of the Montreal Section was held at
McGill University with A. M. Patience, chairman, presiding. There
were eighty members and guests present.

"Low -Loss Dielectrics at High Frequencies" was the subject of a
paper by G. E. Landt, technical director of the Continental Diamond
Company. Dr. Landt first classified the various uses of dielectrics in
receiver construction as well as their application to other fields. Vector
diagrams were used to describe the effects of the dielectric when it
became a part of an equivalent series capacitance or resistance. Meth-
ods of measuring power factor were outlined and total power losses
of various dielectrics compared. The probable mechanism of power loss
was reviewed and reasons given for certain lack of correlation between
measurements and theories. The desirability of measuring power loss
in laminated materials in a plane parallel to the laminations was
stressed and standard methods described. An interesting physical fact
is that higher Q factors and better power factors are realized when
exposed edges are very smooth and especially if they are treated with
waterproofing compound to reduce conductance leakage caused by
moisture absorption. Tables were shown of power factor changes of
laminated phenolic materials of various thicknesses after twenty-four
hours immersion in water and indicated increased loss for the thinner
materials. Power factor changes with temperature were also described.
High -frequency characteristics and types of measurements were dis-
cussed. In concluding his paper, Dr. Landt discussed mechanical con-
siderations pointing out that in general the better the power loss char-
acteristics of a dielectric, the poorer are its mechanical properties. The
advantages of using a shaving die in punching operations were pointed
out. Mr. Ballard, director of the Diamond State Fibre Company, de-
scribed the construction of such dies. The paper was discussed by
Messrs. Moore and Oxley.
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NEW YORK MEETING

The regular New York meeting of the Institute was held in the
Engineering Societies Building on March 3 and presided over by Presi-
dent Beverage. There were 300 present.

A paper on "A Simplified Circuit for Frequency Substandards
Employing a New Type of Low -Frequency Zero -Temperature -Co-
efficient Quartz Crystal" was presented by S. C. Hight and G. W.
Willard of the Bell Telephone Laboratories. The paper presented a
new type of stabilized quartz -controlled oscillator and a new type of
low -temperature -coefficient piezoelectric quartz circuit element which,
in their combination, are particularly suitable for portable substand-
ards of frequency.

The oscillator circuit is simple and may be easily stablized by two
reactance adjustments so that the frequency is unaffected by change
of tubes or by small changes in the circuit reactances, the plate voltage,
and the ambient temperature. Measured stabilities were given for this
circuit when constructed as a substandard of frequency, employing
the new CT crystal, and generating a one -hundred kilocycle current
and its harmonics.

A previously unused type of vibration in quartz plates cut at an
angle to the crystalline low -frequency circuit elements
with a wide range of temperature coefficients. Two specified orienta-
tions, designated as CT and DT cuts, exhibit zero -temperature -coef-
ficient at specific temperatures and are closely related to the recent,
but now popular, AT and BT high -frequency plates. The new plates
are especially useful in precision applications, for by slight final adjust-
ment their frequency may be either raised or lowered and their temper-
ature -coefficient made either more positive or negative.

Another paper on "Characteristics of Amplitude Modulated Waves
was presented by E. A. Laport of the RCA Manufacturing Company.
A vector method of calculating envelopes of amplitude -modulated
waves with random variations of phases and amplitudes of the carrier
and its side bands was presented.

PHILADELPHIA SECTION

The Philadelphia Section met at the Engineers Club on February
4 with Irving Wolff, chairman, presiding. There were 260 present.

"The New York -Philadelphia Ultra -High -Frequency Relay Sys-
tem" was the subject of a paper by H. H. Beverage, chief research
engineer of RCA Communications. He presented first some information
concerning ultra -high -frequency propagation which bears on the choice
of frequencies for radio relaying purposes. The ultra -high -frequency
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two-way relaying system between New York and Philadelphia was
then described. The system normally handles two facsimile channels,
two printer channels, and several additional channels for telegraphic
and control purposes. Two unattended relay points are located at
New Brunswick, N. J., and Arney's Mount, N. J.

In the optical path, it was shown that the received signal was the
resultant of a direct ray and a ray reflected from the ground substan-
tially 180 degrees out of phase with the direct ray for the case of glanc-
ing incidence. An approximate equation was derived for calculating
the signal strength from the geometry of the path between the trans-
mitting and receiving antennas. It was shown that the resultant signal
falls off as the inverse square of the distance in the optical path.

Beyond the optical distance, other factors contribute to the result-
ant signal. These were described as diffraction and refraction fields.
Below about sixty megacycles, sky -wave transmission occurs occa-
sionally but is believed to be of little consequence above about forty
to forty-five megacycles.

The frequency assignments on the New York -Philadelphia circuit
are worked out on a systematic basis such that the northbound and
southbound transmitting frequencies at a given relay point are always
separated by 9.5 megacycles, while the two received frequencies are
approximately halfway between the transmitting frequencies. This
arrangement makes it possible to mount the transmitting and receiving
antennas in close proximity on a single tower, where desired, without
cross modulation between the transmitters or interference between the
transmitters and receivers. All of the radio equipment at the relay
points is housed in a single small building.

Directive arrays of horizontal dipoles were used for the transmitting
antennas, and rhombic antennas were used for reception.

The New Brunswick relay is about thirty miles from the terminal
at 30 Broad Street, New York City. The Arney's Mount relay is thirty-
six miles from New Brunswick, and the distance from Arney's Mount
to the Philadelphia terminal at the Philadelphia Trust Building is
twenty-five miles. The relatively shorter distances at the terminal
points were required in order to produce signals of sufficient intensity
to be well above the comparatively high noise levels experienced at the
city terminals.

The arrangement used for remotely starting and stopping the relay
transmitters from the terminal points was described, as well as the method
for intercommunicating over the system from any point in the circuit.

The paper was discussed by Messrs. Barrows, Hershberger, Kellogg,
Packard, West and others.
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The March meeting of the Philadelphia Section was held on the
4th and attended by 275. Chairman Wolff presided and the meeting
was at the Engineers Club.

A paper on "Automatic Tuning-Simplified Circuits and Design
Practice" by D. E. Foster and S. W. Seeley of the RCA License Labo-
ratory was presented by Mr. Seeley. This paper appeared in the March,
1937, issue of the PROCEEDINGS.

ROCHESTER SECTION

The Rochester Section met on February 11 at the University of
Rochester. L. A. DuBridge, chairman, presided and there were 300
present.

A paper on "Transmutation of Atomic Nuclei" was presented by
Niels Bohr, director of theoretical physics at Copenhagen, Denmark.
Dr. Bohr, a Nobel Prize winner in physics, developed the Bohr theory
of atomic structure. Since 1914 he had been a leader in the develop-
ment of atomic theory. His paper concerned the probable structure of
the atomic nucleus and the problems involved in attempting to break
up the nucleus so that its nature may be studied. The mass is so small
and so tightly bound together that it is rather difficult to bombard it
or break it up in comparison to the relative ease with which the atom
may be smashed. It will probably require energies of the order of one
to twenty million volts to enter the nucleus successfully by some out-
side particle. It is easier to bombard the nucleus with an uncharged
electron particle than with a charged alpha particle.

SAN FRANCISCO SECTION

The San Francisco Section held two meetings during February.
The first on the 10th of the month was attended by twenty-four and
held in the Pacific Telephone and Telegraph Company auditorium. V.
C. Freiermuth, chairman, presided.

"Ultra Sensitive Measuring Instruments Using the New High
Retentivity Magnetic Alloys" was the subject of a paper by H. L.
Olesen of the Weston Electrical Instrument Corporation. He pointed
out the three main divisions of instruments and explained the uses
and capabilities of each. Some very interesting facts in connection with
the very small parts required in the manufacture of meters were
given. The Weston Electrical Instrument Corporation makes the small-
est screw machine parts as well as the smallest bakelite mouldings in
the world. The jewels and pivots are drilled and polished in Puerto
Rico. In addition to the material presented, many fine instruments
and parts were displayed.
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The second meeting of the month was held on the 24th in the same
auditorium and presided over by Noel Eldred, vice chairman. There
were twenty present. The meeting was devoted to discussions of two
papers which have appeared in the PROCEEDINGS. The first of these
was on "Directional Antennas" by G. H. Brown which appeared in the
January, 1937, issue and was reviewed by Robert Barnes of theMackay
Radio and Telegraph Company. The second paper was on "A Critical
Study of Two Broadcast Antennas" by C. E. Smith which appeared
in the October, 1936, issue. W. C. Hilgedich of the U. S. National Park
Service led the discussion on this paper.

SEATTLE SECTION

J. W. Wallace, chairman, presided at the February 26 meeting of
the Seattle Section which was held at the University of Washington
and attended by thirty-three.

A. R. Taylor, Lieutenant, U.S.N., presented a paper on "The Naval
Communications System" which described its general setup and func-
tioning. Outbound traffic from shore to ships is broadcast mainly
through a group of high powered stations which constitute the super -
primary system. Supplementing these stations is the primary system
consisting of low power stations covering very restricted areas, such
as a naval district. The shore stations with a few exceptions are admin-
istered by the director of naval communications in Washington, D.C.
The ship radio systems are under the complete jurisdiction of the ship
commanders, the Director of Naval Communications having control
only over the allotment of the group of frequencies available for ship
use. The ship radio has two distinct functions, the first is a means of
carrying on a tactical operation of the fleet and the second as a means
of communication with the bases. All communications from ship to
shore follow the normal lines of naval organization. The system utilizes
telegraphic code almost exclusively.

TORONTO SECTION

On January 11 a meeting of the Toronto Section which was at-
tended by 101 was held at the University of Toronto and presided over
by D. Hepburn, chairman of the Papers Committee.

A paper on "Electrotherapeutic Oscillation Generators" was
presented by H. W. Parker assisted by H. D. Short of the Rogers Radio
Tube plant. Mr. Parker pointed out that the simple laws of nature
were followed in the use of an oscillator for therapeutic work. Nature
effects a cure by setting up local heat for the affected area of the body
and the oscillator is used to produce this same result artifi cally. A short
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history of the work done by early experimenters was given and tribute
paid to Lee deForest. In 1910 Dr. deForest procured patents on the
radio knife which makes use of the high -frequency generator.

Experiments have shown that a power output as high as four hun-
dred watts is required to raise the body from ninety-six degrees to one
hundred and six degrees. Approximate design requirements for a suit-
able oscillator are a total power output of four hundred watts,
ability to vary continuously the power output from maximum to zero,
stability of operation at all power outputs, a constant frequency of
fifty megacycles, and simplicity of operation.

It has been found that fifty megacycles is an optimum frequency
for greatest penetration. Higher frequencies are reflected by the body.
Vacuum tubes for such oscillators were described and the development
of tubes for this purpose was outlined by a family of tubes exhibited
to show the various steps and improvements made in their design. The
use of heavy duty thoriated tungsten filaments was discussed as this
type is particularly suitable where large emissions are required.

Mr. Short demonstrated the oscillator. Several types of insulators
were connected to the electrodes and some of these developed consider-
able heat while a special ceramic seemed not to be greatly affected. The
variable output was demonstrated by connecting some one -hundred -
and -fifty -watt lamps which were lighted to full brilliancy. The radio
knife was demonstrated on a piece of steak. Stability of the oscillator
was shown by connecting various impedance loads in the output cir-
cuit, the short-circuiting of which did not stop oscillation. The paper
was discussed by Messrs. Choat, Hackbusch, Hepburn, Humphries,
Weir, and others.

The February meeting of the Toronto Section was presided over by
B. deF. Bayly, chairman and was held in the University of Toronto
and attendance was sixty.

"The Military Uses of Radio" was the subject of a paper by W. J.
Megill, Captain, Signal Officer, Military District No. 2 of the Royal
Canadian Corps of Signals. He presented first the comparison of the
requirements of commercial and military operations. Commercial
services are based on public demand and installations are made to
meet this demand. In the army the object is to provide communication
between various positions and divisions and this is accomplished by
many methods of which radio is one of the most important. The type
of service available in any war zone varies with the distance from the
front line. At main headquarters all the services represented are avail-
able. While at the front line extremely mobile services are required and
radio is the chief method of communication.
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The first radio sets used in the Canadian army were built by the
Sappers of the Canadian Division who used them to receive press
news. In 1917 several sets were built using spark transmission and used
in France. During the last one hundred days of the Great War, radio
signal systems were fairly well organized and used extensively.

Transmitters and receivers used in the army must be capable of
quick transportation. Mobile equipment must have its own power supply
and be constructed to permit rapid dismantling and erection. Present
sets can be put into service in from five to fifteen minutes. Low power
consumption is essential and as the service is severe the equipment
must be extremely rugged in construction. Simplicity of operation per-
mits emergency service by persons of limited experience. Interchange-
ability of parts is necessary to permit damaged equipment to be placed
back in service promptly. Power output must be limited to avoid inter-
ference with other stations and to reduce the possibility of the enemy
picking up the signals. All army communications are transmitted in
code and decoded at the destination.

An elaborate display of army signal equipment was set up, de-
scribed, and demonstrated at the end of the paper. Progressing from
the older and obsolete sets to those of the present time, Captain Megill
pointed out the various improvements made and the reason for them.
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TECHNICAL PAPERS

CHARACTERISTICS OF AMERICAN BROADCAST RECEIVERS
AS RELATED TO THE POWER AND FREQUENCY

OF TRANSMITTERS*

BY

ARTHUR VAN DYCK AND DUDLEY E. FOSTER
(Radio Corporation of America, License Division, New York City)

Summary-In a system of broadcasting the conditions under which there is
freedom from interference depend upon the characteristics of receivers in use and
upon the frequency allocation and power of transmitters. The characteristics of
American broadcast receivers now in use have been investigated to determine the
permissible input and frequency separation for freedom from cross talk, heterodyne
beats, and flutter effects. Seven types of interference are described separately in the
data on the susceptibility of present receivers to each type. Finally there are given
quantitative conclusions and specifications covering the relations between signal
input, frequency separation, and receiver performance.

IN A broadcast system, the prime factors determining the field in-
tensities which will exist at any receiving location are the power,
geographical situation, and frequency allocation of transmitters.

The characteristics of receivers determine whether or not interference
will exist at that location. This paper deals with the performance of
American broadcast receivers in use today in regard to those character-
istics influencing their ability to select a desired signal in the presence
of interfering signals of various types.

In any broadcast system, development of transmitter allocation
and receivers must proceed in co-ordination in order to give the best
possible service to listeners. To date the best means of providing the
listener with signals free from static and man-made interference is to
furnish high signal levels. The listener should also be provided with a
variety of programs from which he may choose. Technical advances in
receivers may permit changes in transmitter allocation to produce a
wider variety of programs and higher field intensities without inter-
ference, and at other times changes in the transmitter situation may
require changes in receiver design to maintain freedom from inter-
ference. Much consideration has been given in the technical literature
to certain aspects of receivers which have to do with their ability to

* Decimal classification: R361. Original manuscript received by the Insti-
tute, December 24, 1936. Presented before Rochester Fall Meeting, November
17, 1936.
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select desired programs, but little attention has been given to the
general problem as to how well receivers now in use can discriminate
against all of the types of undesired signals to which they are sub-
jected. This paper attempts to describe the many types of possible
interference, and to examine the available data on receivers to deter-
mine their freedom from interference.

It is interesting to observe that the complexity of today is merely a
normal development of the art from a simple beginning to greater and
greater refinement, improvement, and utilization of this resource of
nature. Broadcasting began with 50 -watt transmitters and one -circuit
receivers. Then came 500 -watt and 5000 -watt transmitters with two-
and three -circuit receivers. Now we have 50,000- and 500,000 -watt
transmitters with eight -circuit receivers. In another five or ten years
we may reasonably expect to have 5,000,000 -watt transmitters and
corresponding receivers, as a part of the continuing march of progress
in this field. Therefore the problem of operation is one of adjusting
parts and relations more precisely and with more refinement, as the
system becomes larger and more intricate.

RECEIVERS NOW IN USE

Perhaps the first question of interest in the subject of general re-
ceiver conditions, is the number of receivers in use today, and their age
distribution. Age is a factor because the performance will depend upon
date of manufacture, and perhaps very critically, in an art where tech-
nical advance is rapid.

Table I is presented as showing this situation. Some of the figures
are necessarily estimates, but are believed to be fairly accurate.

TABLE I
BROADCAST RECEIVERS IN USE IN THE UNITED STATES AS OF JANUARY 1, 1937

No. Manufactured Now in UseNo.
(estimated)

Before 1930 15,000,000 3,500,000
In 1930 3,838,000 2,500,000

1931 3,594,000 2,500,000
1932 2,444,000 2,000,000
1933 4,157,000 3,500,000
1934 4,556,000 4,000,000
1935 6,026,000 6,000,000
1936(estimated) 6,000,000 6,000,000

Total 45,615,000 30,000,000

The salient points of Table I are:

1. Figures check closely with those determined by the Federal
Communications Commission Allocation Survey, reported September
1, 1936.
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2. The total number of receivers in homes estimated for January,
1937, is 30,000,000.

3. Of this total over 50 per cent will have been manufactured dur-
ing the past three years, and about 75 per cent during the past five
years.

4. To determine the average performance characteristics of re-
ceivers in homes today with fair accuracy, we will have to examine
the product of the past three to five years only.

GENERAL CONSIDERATIONS OF BROADCAST RECEIVERS

From the viewpoint of performance, there are two kinds of re-
ceiving circuits now known and usable, one the tuned radio frequency,
and the other the superheterodyne. These two have very different
qualities of performance.

Prior to 1930 the tuned radio -frequency circuit was predominant,
but in 1930 the superheterodyne began a very rapid increase in extent
of use. By 1933, sales were 96 per cent of superheterodyne type (in the
United States). Since 1933, sales of the superheterodyne type have
become practically 100 per cent in all price classes except that below
fifteen dollars, which class is relatively small.

These figures, together with those of Table I, make possible a fair
estimate that at least 80 per cent of all receivers in homes today are of
the superheterodyne type, and that by the end of 1937 the figure will
be over 90 per cent. Therefore we will have to consider only one type
of circuit, the superheterodyne.

During the past few years, price has become a significant factor
in performance, and we should examine the performance in all price
classes, and the relative quantities sold in each price class, to deter-
mine either an "average performance characteristic" for the American
home, or the percentage of homes which will have satisfactory service
under any specified transmitting station setup.

For purposes of analysis the receivers were divided into four arbi-
trary price classes.

Class List Price

A $15 to 335

C
$35 to 65
$65 to

$
$100

D Over $100

EFFECT OF AGE

The measurements were all made on new receivers in the condition
in which they left the manufacturer. In considering actual performance
in homes, the decrease in efficiency of the receivers with age should be
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taken into account. No specific data are available on the manner in
which receivers are affected by age, but it is expected that the range of
performance for old receivers will be considerably wider than for new
receivers, although the degree of change will be less in some receivers
than in others. The degree of change depends, of course, upon the
quality of the design and upon the kind of treatment the receiver ex-
periences. We are, in general, concerned with selectivity and there are
fewer factors which would affect selectivity than sensitivity. In draw-
ing conclusions from data, the effect of age can be allowed for, in a
general manner, by considering receivers to be somewhat worse than
the data taken on new receivers would indicate them to be.

CLASSES OF INTERFERENCE

There are many different kinds of interference, each arising from
different causes or circumstances. It is this fact which makes the study
of reception conditions so exceedingly complex, and a general under-
standing of the several different kinds is essential to a clear picture of
any broadcast system. These must be treated separately because each
kind has, or does not have, effect, depending upon conditions existing
in particular receiving locations.

The several kinds of interference between stations, which excludes
the other class of interference from atmospherics and inductive inter-
ference, may be listed as follows:

1. Cross talk from undesired signal ten kilocycles or more away
from desired signal frequency.

2. Adjacent channel heterodyne beat note between carriers of de-
sired and undesired signals.

3. Side -band beat interference.
4. Overmodulation of undesired station transmitters on adjacent

channels.
5. Heterodyne beating of desired and undesired signals having the

same assigned frequency.
6. Cross talk or beats from particular relations of frequencies of

desired and undesired stations, in connection with receiver design
characteristics, occurring when frequency separation is large (greater
than 50 kilocycles).

7. Cross modulation from effects set up by the radio signals in
neighboring nonradio electrical systems, or in the antenna system.

Any one or more of these several kinds of interference may be
present or absent at any receiving location, depending upon relations
of the receiver characteristics to the frequency separation and in-
tensities of the desired and undesired signals.
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DISCUSSION OF INTERFERENCE

391

Cross Talk
Two methods of selectivity measurement are in general use. The

older and simpler method consists in determining the input required
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to produce a specified output at various frequencies above, below, and

on the frequency to which the receiver is resonated. Only one signal
generator is required in this method, hence its designation as the single

signal method.
The other method, the two -signal method, requires the use of two

signal generators, but gives results which are more nearly representa-
tive of those in the existing broadcast system. In this method, one
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generator, to which the receiver is tuned, represents the desired signal
and the other the interfering signal.

The method of the two -signal cross talk interference test was that
standardized by the Institute.' The measurements were made at 1000
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kilocycles as that frequency, being near the center of the broadcast
band, will give most representative data. The three standard input
values of 50, 5000, and 200,000 microvolts were used for the desired
signal. The desired signal output was made 500 milliwatts instead of
the value of 50 milliwatts given in the 1933 Standards Report. The
interfering signal output was 30 decibels below the desired signal out-
put, or 0.5 milliwatts. Listening tests confirmed the fact that cross talk

1 Report of Standards Committee of I.R.E., 1933.
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interference 30 decibels below the desired signal gives satisfactory free-
dom from interference.

Through the co-operation of several receiver manufacturers, two -
signal cross talk data on their products were obtained for receivers
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manufactured in the years 1934, 1935, and 1936. These data have been
separated according to price class, and then averaged. They are pre-
sented in Figs. 1 to 9. For 1934 there were not sufficient data to permit
division into price classes, so the curves for that year cover all price
classes. The graphs are all for 1000 kilocycles and show the number of
receivers measured in each case.

The data extend to 50 kilocycles on either side of resonance, or to
one volt interfering signal input, whichever requires least input. The
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curves were not taken closer to resonance than ten kilocycles because
in that region the heterodyne beat between carriers is the predominant
factor, and because in the American broadcast system the transmitter
frequencies are integral multiples of ten kilocycles.
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Two -signal measurements were not made in earlier years, so that
resort was had to single signal measurements for receivers manu-
factured in the years 1930 to 1933. One half of the selectivity curve,
averaged for each category for those years, is shown in Fig. 10. These
curves are averages of the following number of types of receivers.

1930 Tuned radio -frequency
1930 Superheterodyne
1931 Tuned radio -frequency
1931 Superheterodyne
1932 All classes
1933 Class A
1933 Class B
1933 Claes C

46 Receivers
11 Receivers
44 Receivers
51 Receivers
55 Receivers
18 Receivers
11 Receivers
7 Receivers
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Cross Modulation and Masking Effects
There are two effects in receivers which the two -signal method of

measurement takes into account, but which are not accounted for in
the single signal method. These are cross modulation and masking.
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Both of these effects have a decided influence on receivers in actual
use and since the two -signal test, by virtue of the method of conduct-
ing it, includes these effects, it is the more exact representation of the
effective selectivity of the receiver.

The cross modulation phenomenon has been known for a number
of years and has been treated in technical literature, but it is some-
times overlooked that it has a large effect on receiver selectivity, even
with the remote cutoff tubes of today. The type of cross modulation
we are dealing with here is that due to curvature of the characteristic
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of vacuum tubes, whereby in the presence of two signals the modula-
tion of one is imposed on the other.

The cross modulation is given by the expression,2
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where,
M is cross modulation
m is modulation of interfering signal
E is peak carrier value of interfering signals
S. is transconductance of the tube under the grid bias conditions

existing
Stuart BaIlantine and H. A. Snow, "Reduction of distortion and cross -talk

in radio receivers by means of variable -mu tetrodes," PROC. 1.R E., vol. 18,
pp. 2102-2127; December, (1930).
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Sm" is second derivative of transconductance with respect to grid
voltage at the same operating point.

The cross modulation occurs in the first or second tube of the re-
ceiver and, as the expression above shows, depends upon tube charac:
teristic, input voltage, magnitude of automatic volume control de -
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-veloped, and thus indirectly also upon gain and selectivity in the early
stages of the receiver.

The masking, or so-called "demodulation" effect, acts to decrease
the cross talk interference when two signals of differing radio fre-
quency are impressed on a linear detector. Detectors are practically all
linear today with inputs of 50 microvolts, so that this phenomenon
has an important influence on the results of two -signal measure-
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meats 3.4.5 If we assume two carriers, differing by 20 kilocycles, applied
to a linear detector, the smaller one modulated by 400 cycles, the first
order output will be frequency terms of 19.6, 20, and 20.4 kilocycles,
which are inaudible. It is only by virtue of a second order effect (due to
the fact that the input ratio of two signals on the detector is not a
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./0

constant but varies at the 400 -cycle rate) that cross talk interference
occurs.

3 C. B. Aiken, "Theory of the detection of two modulated waves by a linear
rectifier," PROC. I.R.E., vol. 21, pp. 601-629; April, (1933).

4 C. B. Aiken, "The detection of two modulated waves which differ slightly
in carrier frequency," PROC. I.R.E., vol. 19, pp. 120-137; January, (1931).

6 C. B. Aiken, "Further notes on the detection of two modulated waves
which differ slightly in carrier frequency," PROC. I.R.E., vol. 20, pp. 569-578March, (1932).
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The output of audio frequency due to the smaller signal in the
presence of the larger is given by'

kmx 2 x2
V - E (1 + cos qt
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where,
V is audio -frequency output
k is detection coefficient
m is modulation of smaller signal
E is magnitude of larger carrier
e is magnitude of smaller carrier
6 E. B. Moullin, "Detection by a straight line rectifier of modulated and

heterodyne signal," Wireless Engineer and Experimental Wireless, pp. 378-383;
July, (1932).
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q is 27 times modulation frequency
x is e/E.

This expression can be used for calculating the two -signal inter-
ference curves from single signal selectivity measurements for inputs
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where cross modulation does not exist. If the desired and undesired
signals have the same modulation and the smaller is 0.256 times the
larger, at the detector input, the output of the smaller (undesired)
signal will be 30 decibels below the desired signal output. An example
of the results of this method of calculation is shown in Fig. 12, where
the circles show two -signal values calculated from single -signal meas-
urements of Fig. 11. The main discrepancy between the measured two-
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signal values and those calculated from single -signal selectivity is a
shift of 0.25 kilocycle in tuning which occurred between the two series
of measurements.

Composite Curves
From the measured two -generator curves for the years 1934 to

1936, and from the calculated results for earlier years, composite
curves can be plotted showing the percentage of receivers which will
experience interference under varying conditions of frequency separa-
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tion and interfering signal input. For the years 1930-1936 such curves
can be prepared for a desired signal of 50 microvolts only, since the
calculated results for the early years do not take into account cross
modulation and must therefore be limited to small inputs. Such a
curve is shown in Fig. 13.

An explanation of this type of curve is probably in order. It at-
tempts to show the performance of receivers manufactured in the
United States during the past seven years, with regard to suscepti-
bility to cross talk interference. Obviously, the problem is one of many
indefinite factors, involving millions of receivers, in unknown con-
dition, in unknown circumstances of installation and location. Never-
theless, considered in the aggregate, a reasonably useful average should
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be obtainable, even though we are forced to use measurements made
on receivers in original factory condition. Inasmuch as the production
of the last seven years constitutes between 80 and 90 per cent of all
receivers now in use, these curves may fairly be said to be adequately
representative of the receivers in American homes today. Therefore,
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conclusions can be drawn from these curves, on which to base trans-
mitter allocations, with reasonably safe prediction for conditions which
will avoid cross talk interference in any desired, predetermined per-
centage of receivers.

For allocation study purposes, a proper percentage figure of re-
ceivers which may be permitted to have interference must be selected
arbitrarily, but a reasonable figure can be selected readily. Obviously
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an interference level which would affect 100 per cent of all receivers is
too high. Similarly, an interference level which would affect less than
ten per cent of all receivers is impracticably low. It is reasonable that
more than 50 per cent of all receivers should be protected, so that

lig
AtiN

1M11111011 54111P
111111111/1111

MillMill '1119111 11116

1000,000

100,000

,,000

100

10

1

0 /0 10 30 40 ..10 60 70 80 .90 100

PERCENTAGE OF PECE/YERS NOW IN USE WHICH
WILL EXPERIENCE /NTEPFE/2ENCE.

Fig. 13

convergence indicates that a figure of 20 per cent would be a reasonable
one. It should be noted that the percentage value selected has large
effect on permissible interfering signal inputs. For example, in Fig. 13,
if 30 per cent were used instead of 20 per cent, on the 20 -kilocycle
separation curve, the interfering signal input would be 3500 micro-
volts, instead of 1000 microvolts.

Curves of the same type can be prepared for all three values of
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desired signal input for the years 1935 and 1936 from the two -signal
measurements for those years. These curves appear in Figs. 14, 15,
and 16.

In order to show the effect of signal input on interference the data
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may be plotted as in Fig. 17. This figure shows the conditions under
which 20 per cent of the receivers manufactured in 1935 and 1936 will
experience cross talk interference. The logarithm of the desired signal
is used because of the wide range of signal to be covered. If cross
modulation did not exist, the ratio between desired and undesired
signal would be a constant for a given frequency separation, and would
be the value calculated by the single -signal measurement to allow for
the masking effect.
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Fig. 17 shows that for small signals, the ratio of desired to inter-
fering signal is a constant, as shown by the straight-line portion of the
curves for each frequency separation. As the signal input (desired and
interfering) increases, the curve departs from a straight line, indicating
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the start of cross modulation. This figure also shows that for each fre-
quency separation there is a maximum permissible interfering signal.
An increase in the desired signal beyond that point requires a smaller
value of undesired signal to avoid interference. These curves would
seem to indicate that the expression for cross modulation which shows
that this factor is dependent only on the magnitude of the interfering
signal, does not hold in practice. However, it must be borne in mind
that the masking phenomenon has a large effect when cross modula-
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tion does not exist, but this phenomenon is of no benefit in reducing the
interference resulting from cross modulation.

This figure illustrates plainly why the single signal method of
selectivity measurement is inadequate for presenting the effective se-
lectivity under actual usage conditions. This figure also shows that

o JO 20 30 40 SO 60 70 60 90 100
PERCENTRGE Or RECEIVERS MA -.0 /N 1935 cr 1936
WHICH H/.44 ElIPER/SNCS /NTERFERENCE

Fig. 16

cross modulation is still very much a factor in present-day receivers,
and that reduction of cross modulation would materially improve the
effective selectivity for large signal inputs.

We may conclude from these curves that for receivers manu-
factured in 1935 and 1936, with a desired signal of 5000 microvolts, if
no more than 20 per cent of such receivers are to experience cross talk
interference (interference 30 decibels below desired signal) the inter-
fering signal inputs given below are the maximum permissible.
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Frequency Separation Permissible Interfering Signal Input
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Adjacent Channel Heterodyne

As is well known, simultaneous application to a detector of two
carriers differing in frequency by ten kilocycles will give a resultant
ten -kilocycle beat frequency output. Since this phenomenon is due to
the carriers only, which need not be modulated, the masking effect
noted above does not occur. The ten -kilocycle frequency output then
is a function only of the strength of the two carriers and the fidelity of
the receiver. Most receivers attenuate ten kilocycles greatly and the
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heterodyne interference would be very serious indeed if this were not
the case. Furthermore, the reproducer (loud -speaker) of most re-
ceivers has small output at ten kilocycles, and bechuse of the ear
characteristic, audibility of frequencies of the order of ten kilocycles
is much less than that of one- to two -kilocycle frequencies.

In order to arrive at a conclusion as to the relative output of de-
sired program and heterodyne beat note which could be tolerated, a
test was made using two signal generators, either or both of which
could be modulated as desired. The output of the signal generators was

FREQUENCY CYCLES PER SECOND

Fig. 18

applied to a radio receiver whose fidelity had been measured. It was
determined from observations made by numerous observers that the
heterodyne beat should be 37 decibels below the desired program out-
put for freedom from interference.

From Figs. 18 and 19 we see that the average receiver was down
60 to 65 decibels at ten kilocycles, but the average variable selectivity
receiver when operated in the wide band condition was down only 15
to 30 decibels at the same frequency, as is shown by Fig. 20. The
question arises as to whether the wide band receivers should be pro-
tected from heterodyne interference. Certain of the variable selectivity
receivers incorporated a special filter for eliminating the ten -kilocycle
beat note. This type of receiver is found usually in the higher price
classes, but all wide band receivers could incorporate such filters if
found necessary.

The curves of Figs. 18 and 19 were made with the tone control
adjusted for maximum high -frequency response. The average curve
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with tone control adjusted for minimum high -frequency response in-
dicates the ten -kilocycle output under this condition is ten decibels
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less than those shown in Figs. 18 and 19. While the selectivity of re-
ceivers prior to 1935 was in many cases less than that of 1935 and 1936
receivers, yet the response at ten kilocycles was little higher, as the
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progress of the art has tended toward a selectivity curve having less
attenuation near resonance but more attenuation at frequencies re-
mote from resonance.

co
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The curves of Fig. 19 would indicate that for not more than 20 per
cent of receivers manufactured in 1930 to 1936 to experience hetero-
dyne interference 37 decibels below a desired program having 30 per
cent modulation, the interfering carrier should not exceed 0.425 times
the desired carrier. This is explained below.

The requirement that the heterodyne note be 37 decibels below the
desired program was arrived at by observation as described above. This
interference level is not as definite as that for cross talk interference
because of variation in characteristics of the ear of individuals at ten
kilocycles. To some of the observers the ten -kilocycle beat was vir-
tually inaudible, while to others even the level 37 decibels below de-
sired program gave very objectionable interference. The 37 -decibel
figure was that chosen by the majority of the observers.

The fidelity curves of Fig. 19 for 1930-1936 show that only 20 per
cent of receivers have ten -kilocycle response less than 40 decibels
down, but this curve was for a 30 per cent modulated signal. The
heterodyne beat is between carriers only, so that the heterodyning
carrier must be reduced to 0.3 times or 10.5 decibels below the desired
carrier to allow for the 30 per cent modulation used in the fidelity
measurements. With the heterodyning carrier 10.5 decibels below the
desired carrier, the beat note will be 40 decibels below the desired
program, but only 37 decibels is required, so that the interfering carrier
can be three decibels greater or 7.5 decibels below the desired carrier,
which gives the ratio of 0.425 to 1 between interfering and desired
signal levels.

Beating Side -Band Effects

Another condition arises in receivers where the side bands of one
station beat with the carrier of another station, which causes sum and
difference tones. This effect has been aptly called "monkey -chatter,"
from its characteristic sound when heard on a receiver.' Consider two
carriers separated by ten kilocycles, with one of them modulated by a
3000 -cycle tone. If any appreciable amount of this three -kilocycle side
band is present at the detector along with the other carrier, sum and
difference frequencies, namely, seven and thirteen kilocycles, will re-
sult. Because of the fidelity characteristic of receivers only the differ-
ence term need be considered. Thus a low -frequency side band, when
it beats with an adjacent carrier, produces a high audio frequency,
and vice versa.

Evaluation of the input ratio of field intensities for protection
against monkey -chatter is extremely complex because of the large

7 Stuart Ballantine, "High quality radio broadcast transmission and recep-
tion," Pnoc. I.R.E., vol. 22, pp. 564-629; May, (1934).
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number of factors involved. Receiver selectivity discriminates against
low modulation frequency side bands more than against higher ones,
but generally high frequencies modulate a carrier to lesser depth than
low ones. Also the higher audio frequencies become attenuated in the
audio system of the receiver more than the low ones, etc. It would be
necessary to have data on receiver selectivity excluding the audio
frequency system, and receiver fidelity excluding selectivity ahead of
the detector, to arrive at conclusions, since the audio frequency suffers
an inversion in this type of interference. It might be expected, and
experience indicates, that this interference will be somewhat worse
than adjacent channel cross talk interference, but not as severe as
heterodyne carrier beats.

A direct measurement would be the best means of determining the
susceptibility of a given receiver to beating side -band interference,
and it is hoped that such measurement data will be available in the
future.

The method would be that of the two -signal interference test with
ten -kilocycle separation between the desired and interfering signals,
and with the interfering carrier modulated by audio frequencies of
perhaps two to seven kilocycles. The interference output measured
would be that of the difference frequency between ten kilocycles and
the modulating frequency of the interfering carrier. The modulation
level should be decreased for the higher audio frequencies in order to
duplicate service conditions.

Transmitter Overmodulation

It can be appreciated that overmodulation of a transmitter makes
the monkey -chatter worse on a given receiver because of the higher
frequency side bands generated by the overmodulation. A transmitter
which emits normal and correct side -band frequencies to eight kilo-
cycles can contribute to program fidelity on receivers capable of re-
producing such frequencies (so-called "high fidelity" receivers), but
when high -frequency side bands arise from overmodulation or any
other transmitter nonlinearity, the result is distortion and monkey-
chatter without any attendant benefit to fidelity, the effect becoming
worse the better the receiver is from the standpoint of reproduction
of high frequencies.7'8

Flutter Effect

When two transmitters operate on the same assigned frequency
that is, their carriers differ in frequency by less than 50 cycles, effects

8 I. J. Kaar, "Some notes on adjacent channel interference," PROC. I.R.E.,
vol. 22, pp. 295-313; March, (1934).
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occur which have commonly been called "flutter." The beat frequency
between carriers may be heard if it is above the lower limit of audi-
bility, and in addition the interference of the undesired program if
different than the desired program, or program distortion may occur
if the two transmitters are modulated by the same program.

These effects have been studied both mathematically and experi-
mentally by several observers, in particular the case where the two
programs are the same.' Since the mathematical analysis has been
covered by several writers, and since experimental observation is
necessary to evaluate the results as to effect on the listener, the experi-
mental method was employed. The results have been compared with
those of other observers, where results for the same conditions are
available in the, literature."." '12

The only receiver: characteristics which have any effect on these
phenomena are the type of detector and the autonratic volume control
system. Since the vast majority of receivers now have linear detectors,
and automatic volume control systems nearly enough alike that re-
sults will be the same, conclusions drawn from observations on any
one typical receiver will apply generally, and the required ratio of field
intensities may be determined directly.

However, the characteristics of the two simultaneously applied sig-
nals affect results greatly, so consideration must be given to a number
of cases." The factors which are of importance are:

1. Relative intensity of the two carriers.
2. Whether the two signals have the same or different programs.
3. The frequency difference between the carriers.
4. The modulation depth of the respective signals.
5. The phase difference between the modulation of the two carriers

when the prograni is the same.
6. The phase difference between the carriers when the frequency

of the carriers is the same and there is no audio phase displace-
ment.

In the observations made for this test, the modulation depth aver-
aged 30 per cent but varied about that level in accordance with the
program or programs. It is not believed practical to impose the con -

9 Hans Roder, "Superposition of two modulated radio frequencies,"
Pxoc. I.R.E., vol. 20, pp. 1962-1970; December, (1932).

" G. D. Gillett, "Some developments in common frequency broadcasting,"
Pao°. I.R.E., vol. 19, pp. 1347-1369; August, (1931).

" C. B. Aiken, "A study of reception from synchronized broadcast stations,"
PROC. I.R.E., vol. 21, pp. 1265-1301; September, (1933).

12 P. P. Eckersley, "On the simultaneous operation of different broadcast
stations on the same channel," PROC. I.R.E., vol. 19, pp. 175-194; February,
(1931).
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dition of zero phase angle between either the respective audio or carrier
frequencies, so the condition causing most severe interference, namely
180 degrees phase difference between the audio components applied
to the two carriers, was chosen. An observation was made for the
condition of zero -degree audio phase displacement, and it was found
that any relative signal intensity ratio of the two carriers could be used
without interference. However, it is felt that this observation is not of
practical importance, in most cases, because of the difficulty of main-
taining zero -degree phase displacement for all frequencies, over wire
lines connecting transmitters separated appreciable distances.

When the signals had modulations from different programs, the
permissible relative carrier intensities did not change appreciably with
differences between carrier frequencies of one to 25 cycles. There was
a difference in intensity ratio required, depending upon whether the
desired program consisted of speech or music modulation, as the con-
tinuous tones of music modulation obscured the interfering program
more than when the desired signal had speech modulation. With music
on the desired signal, an input voltage from the desired signal ten
times that of the undesired signal gave freedom from interference,
whereas when the desired program was speech, it was required to be
20 to 30 times that of the interfering signal. Since this case is that of
two stations entirely independent in operation, the programs may be
of any type and protection from interference should be had for the
worst conditions. Accordingly, a field intensity ratio of not less than
20 to 1 appears desirable for satisfactory degree of freedom from inter-
ference.

The table below gives the results of our observations when two
stations have the same program modulation, the phase displacement
of modulation being 180 degrees. The receiver had automatic volume
control and a linear detector. The symbol Of designates the difference
in frequency of the two carriers, and the several columns are con-
clusions by different observers as identified. The figure in each column
for a given Af is the number of times the field intensity of the desired
signal must exceed that of the undesired signal for practical freedom
from interference.

RELATIVE FIELD INTENSITIES-SAME PROGRAM MODULATION

Af A C D

0 cycles 5 4 3.16 5
1 10 10

10 9 10 10
25 12 14

A. RCA observations, September, 1936.
B. C. B. Aiken, PROC. September, 1933.
C. G. D. Gillett, PROC. I.R.E., August, 1931.
D. P. P. Eckersley, Paoc. I.R.E., February, 1931.
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The agreement among the several observers is sufficiently good that
conclusions may be drawn therefrom with confidence.

Particular Effects for Frequency Separation Greater than 50 Kilocycles

Certain types of interference exist when the desired and interfering
signals are widely separated in frequency. These effects occur only for
certain discrete frequency separations and are noticed principally on
superheterodyne receivers. The major of these effects are the following:

(a) Two stations separated by the intermediate frequency.
When two stations in the same community differ in frequency by

an amount equal to the intermediate frequency of a given super-
heterodyne receiver, and are of sufficient strength to be present simul-
taneously at the translator tube (first detector), an output at inter-
mediate frequency will occur, although the receiver be tuned to neither
of them. Discrimination against this type of interference is had only
by the selectivity of the portion of the receiver preceding the trans-
lator.

(b) Image response.

With a superheterodyne receiver tuned to a given signal and a
second signal present, differing from the first by twice the intermediate
frequency, the second signal will combine with the local oscillator to
produce output at intermediate frequency.

(c) Direct intermediate -frequency response.

When there is a signal present whose frequency is the same as that
of the intermediate frequency of a given receiver, and the circuits pre-
ceding the translator do not sufficiently attenuate it, it will be ampli-
fied by the intermediate -frequency amplifier and appear as inter-
ference.

(d) Second harmonic of the intermediate frequency.
When a signal is applied whose frequency is twice that of the inter-

mediate frequency, or differs therefrom by a small amount, there ap-
pears in the output of the translator in addition to the desired inter-
mediate -frequency output, corresponding to the difference between
signal and oscillator frequencies, a second order effect of the difference
of twice the signal frequency and the oscillator frequency.'s It will be
seen that when the signal frequency is twice the intermediate fre-
quency, each of these effects will produce an intermediate -frequency

J. 0. Strutt, "On conversion detectors," PROC. I.R.E., vol. 22, pp.
981-1005; August, (1934).
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output, and since they vary at different rates as the receiver is tuned,
a whistle will be heard at that point. Selectivity cannot discriminate
against this whistle as.only a single signal is involved. At frequencies
differing slightly from twice the intermediate frequency, a spurious
response may also occur from the same cause, which will give inter-
ference but not a whistle.

All of the foregoing effects as well as some minor ones due to various
combinations of harmonics of the oscillator with harmonics of the sig-
nal, are seen to depend in any individual case on the value of inter-
mediate frequency used. Therefore a frequency separation condition
which will cause interference in one receiver, will not cause interference
in a receiver with a different intermediate frequency. There have been
many different intermediate frequencies used, mainly in an attempt to
avoid one or more of the types of interference noted above.

Survey of the industry, by models introduced in 1935, discloses use
of the following intermediate frequencies:

Intermediate Frequency Per Cent of Models in which used
115 kilocycles 0.14 per cent
132 0.40
172.5 0.40
175 4.60
177.5 0.40
181.5 0.14
250 0.14
252.5 0.60
260 0.40
262 0.50
264 0.70
345 0.40
360 0.40
450 7.70
456 48.40
458 2.90
460 12.00
463 0.40
485 15.40
470 0.40
472.5 1.30
480 1.00
485 0.14
490 0.14

It is to be noted that 86.8 per cent of models had intermediate
frequencies between 450 and 465 kilocycles.

Average Image and Intermediate -Frequency Response Ratios for Receivers
Manufactured in 1935
A survey of the industry for receivers manufactured in1935 gave the

following data for average image and intermediate -frequency response
ratios. These data indicate the order of interference to be expected
from these sources.

The image and intermediate -frequency response ratios are both
affected by the amount of preselection and the intermediate frequency
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used, so that the following data have been divided into two -and three -
gang condenser models. The two -gang condenser models have been
further divided into two intermediate -frequency ranges, those receivers
having 175 to 350 kilocycles intermediate frequency being put into
one category. The three -gang condenser receivers had a wider range of
intermediate frequencies and were divided into three categories, 175
to 200 kilocycles, 200 to 350 kilocycles, and 350 to 480 kilocycles.

The presence or absence of a wave trap also affects the inter-
mediate -frequency response ratio, but no account is taken of that
factor in the data below. Likewise, those receivers having image fre-
quency rejection systems have not been separated from the others.

The image response ratio at a given frequency is the ratio of the
sensitivity measured, with the receiver tuned to that frequency, when
the applied frequency differs from the tune frequency by twice the
intermediate frequency, to the sensitivity measured when the applied
frequency is the same as the frequency to which the receiver is tuned.

The intermediate -frequency response ratio with receiver tuned to
a given frequency is the ratio of the input of intermediate frequency
applied to the antenna required to produce standard output, to the
input required to produce the same output when the applied frequency
is the same as that to which the receiver is tuned.

Image Ratio, Averages

Data are given under each intermediate -frequency category from
measurements with the receiver tuned to each of three test frequencies,
600, 1000, and 1400 kilocycles.

TWO GANG

inter. Freq. 175-350 350-480

Test Freq. 600 1,000 1,400 600 1,000 1,400

No. of Cases 2 2 2 11 10 11
Max. Ratio 21,300 2,800 955 845 490 228
Min. Ratio 6,460 1,100 188 57 40 20
Ave. Ratio 13,880 1,850 571 365 228 111

THREE GANG

Inter. Freq. 175-200 200-350 350-480

Test Freq. 600 1,000 1,400 6001 1,000 1,400 600 1,000 1,400

No. of Cases 13 13 13 9 9 9' 18 18 18
Max. Ratio 62,000 11,000 2,200 61,600 18,700 8,500 150,000 47,200 24,800
MM. Ratio 2,420 730 115 6,400 2,100 1,540 1,630 445 278
Ave. Ratio 11,018 3,299 722 21,555 7,121 2,261 49,423 14,961 6,273

Average image rat.° for two -gang condensers all frequencies =1056.
Average image rat.° for three -gang condensers all frequencies =14,550.
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Intermediate -Frequency Response Ratio, Averages

Data are given under each intermediate -frequency category from
measurements with the receiver tuned to each of three test frequencies,
600, 1000, and 1400 kilocycles.

Two GANG

Inter. Freq. 350-480

Test Freq. 600 1,000 1,400

No. of Cases 4 7 2
Max. Ratio 92.1 750 81
Min. Ratio 10 17 47
Ave. Ratio 34.8 143 64

THREE GANG

Inter. Freq. 175-200 200-350 350-480

Test Freq. 600 1,000 1,400 600 1,000 1;400 600 1,000 1,400

No. of Cases 3 9 2 2 5 -- 11 15 7
Max. Ratio 17,200 90,000 31,000 11,100 75,500 - 13,300 23,000 15,800
Min. Ratio 4,600 15,000 30,000 960 875 - 89 840 805
Ave. Ratio 11,267 52,944 30,500 6,030 27,361 - 2,502 6,076 6,259

Average 'ntermediate-frequency response ratio two -gang condenser all frequencies =98
Average intermediate -frequency response ratio three -gang condenser all frequencies =16,345.

(e) Direct pickup.
When a receiver is subjected to a strong field intensity, some of the

energy may reach the receiver via other than the antenna, due to ex-
posed wiring, etc. Energy picked up by later amplifying stages of the
receiver will of course be amplified less than signals from the antenna,
but the selectivity may be nil for the signal directly picked up, and
interference result if the signal is sufficiently intense.

This type of interference is a function of type of wiring and shield-
ing of a receiver, but can occur in any receiver not sufficiently well pro-
tected by design and construction. From data available it is believed
that field intensities greater than 1.0 volt per meter are required to
produce direct pickup interference, on well -designed receivers.

Cross Modulation from Extraneous Systems

Especially interesting, and observed and understood only within
the' past year, is the effect of cross modulation from exterior radio
systems. This cross modulation exists outside the radio receiver, and
may cause serious difficulty with reception on any receiver. Such diffi-
culty has been found in certain receiver locations where field intensities
of 0.1 volt per meter or greater are encountered. In addition to high
field intensity, a nonlinear element or rectifier must be present. The
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most common source is in power wiring, and is much more prevalent
where the power mains are of the exposed, overhead type. The rectifier
may be a poor ground connection, giving a copper-, zinc-, or aluminum-
oxide rectifier, for example. In some instances a poor connection
in the antenna circuit itself may be the source of trouble. In view
of the widespread use in homes of poorly installed antennas, leadins,
and ground connections, the authors believe that cases of interfer-
ence from this cause are numerous, in districts having high field
strengths, although unsuspected until recently.

When two or more signals of sufficient intensity are present, to-
gether with the requisite rectifying condition, spurious frequencies
result. These spurious frequencies are integral multiples of each fre-
quency, sum and difference frequencies, the difference between twice
one frequency and the second, etc. In general, it is only the difference
between twice one frequency and the second frequency which causes
responses falling in the broadcast band.

It is possible that this cause of cross modulation is responsible for
those cases of interference which have been observed in Europe,
ascribed to nonlinear action in the propagation path and called the
"Luxembourg Effect." Calculations from frequencies of all signals
present at the receiving location with field intensity of about 0.1 volt
per meter or more, will answer the question.

CONCLUSIONS

The various causes of interference with radio reception by un-
desired signals have been described, and the ability of present-day
receivers to discriminate against interfering signals has been investi-
gated. Quantitative conclusions were obtained for some types of in-
terference and not for others.

Cross Talk

The following table is a résumé of these results and illustrates the
permissible strength of interfering signal when the desired signal
has a strength of 5000 microvolts, and not over 20 per cent of the
receivers in use are to experience this type of interference.
PERMISSIBLE INTERFERING SIGNAL INPUT FOR 20 PER CENT OF RECEIVERS MANUFACTURED 1930-1936

TO EXPERIENCE INTERFERENCE.

Frequency Separation Permissible Interfering Signal Strength
(Desired Signal 5 my)

50 ko 1000 my40 ke 45030 ko 22520 ko 10010 ko 6.75
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Adjacent Channel Heterodyne

From the data given, an interfering signal separated ten kilocycles
from the desired signal may not exceed a strength of 212 microvolts,
if not more than 20 per cent of receivers in use are to experience hetero-
dyne beat interference.

The adjacent channel heterodyne beat is the most limiting con-
dition for receiver selectivity, and receivers would be improved by
the adoption of suitable filters to limit this heterodyne beat. The
heterodyne beat limitation has been calculated from measurements of
receiver fidelity, but direct measurement by simultaneously impress-
ing on the receiver two carriers separated by ten kilocycles is recom-
mended, since it arrives at the desired data directly and in many cases
receiver fidelity measurement is not extended to ten kilocycles, so that
fidelity data for calculating beat interference may not always be avail-.
able. Additional data on the reaction of individual observers to a ten -
kilocycle interfering tone is needed because of differences of auditory
perception of this frequency by different individuals.

Side -Band Beat Interference

The need for measurement data on susceptibility of receivers to
side -band beats was disclosed by this investigation, and here also a di-
rect measurement method is suggested as the best means of obtaining
the necessary data..

Transmitter Overmodulation

Interference and distortion resulting from overmodulation of trans-
mitters is not primarily a receiver effect. Moreover this type of inter-
ference may be expected to diminish in severity because of improved
transmitter operation and the probable eventual adoption of auto-
matic overmodulation control.

Flutter Effect

Interference between stations operating on the same assigned fre-
quency is not a function of receiver selectivity, and the following con-
clusions result directly from experimental observations and are valid
for all receivers in use today.

Frequency Deviation Permissible Interfering Signal
(Desired Signal 5 my)

0-50 cycles, different programs 0.25 my
25 cycles, same program 0.42
10 cycles, same program 0.55

1 cycle, same program 0.50
0 cycles, same program 1.0
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Particular Effects for Frequency Separation Greater than 50 Kilocycles

Insufficient quantitative data exist for many of the types of spuri-
ous responses and beat interferences which fall in this category. Gen-
eral field experience indicates that interfering signal inputs of 0.5
volt are permissible on the basis that not more than 20 per cent of
receivers in use will experience interference of this type.

Spurious responses are largely influenced by receiver design. They
are aggravated by higher field intensities. In view of the trend toward
higher field intensities, it appears that more attention to this char-
acteristic by receiver designers is desirable.

External Cross Modulation

If two signals are present with 100 mv/m or higher field intensity,
this factor may give interference, provided a rectifying condition exists
in or near the antenna. In locations where the rectifying condition is
absent, field intensities of over 1.0 v/m will not cause interference from
this source.

It is seen from the data presented that the single -signal method
of selectivity measurement does not give useful results under many
conditions encountered in actual usage, and that the two -signal inter-
ference test should always be used to obtain a representative measure
of effective receiver selectivity. When starting this investigation
it was found that there existed very little data on receivers which
had been taken by the two -signal method. It is, to be hoped that more
general use will be made of this method in the future.

The results obtained by the two -signal method show that data for
interference inputs of greater than one volt would be desirable, es-
pecially in view of possible increase in power of broadcast transmitters
in the future.

From the two -signal data obtained it is seen that cross modulation
plays a large part in receiver selectivity for even moderate signal in-
puts, and that the selective circuits of receivers could be made more
useful in discriminating against interfering signals by improvements in
tube and circuit characteristics to minimize cross modulation.
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MULTIPLE AMPLIFIER*
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L. A. KIIBETSKY
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Summary-The development, by the author, of amplifying tubes utilizing
secondary emission is discussed. Various designs are shown, including the latest
type which is described as possessing the quality of small dimensions, high sensitivity
(10-100 amperes per lumen), high over-all amplification (106), high voltage output,
minimization of noise, absence of micro phonics.

The characteristics of these tubes are mentioned and their application for such

use as television and talking pictures are included.

THE amplification of electronic currents b, means of secondary
emission presents one of the most important problems of today
and introduces into electron technique an entirely new principle

promising developments in many fields.
Some information bearing on the question can be found in tech-

nical literature dealing with the recent experimental work of Farns-
worth and Zworykin.1

In the present paper a brief description is given of similar research
carried out at the All -Union Institute for Television, Department of

Electronic Devices.
The investigations are based on the definition principle of multiple

amplification of the secondary emission, given by the author in 1930,2
which consists of the repeated conversion of the energy of a stream of

secondary electrons into another more powerful secondary electron
emission. It had previously been suggested' that use might be made of
the emission of secondary electrons from a set of electrodes, each of
which, when struck by the electrons from the preceding one, becomes
the source of a new, more powerful emission. An arrangement of the
kind is shown4 in Fig. 1.

It consists of several electrodes with highly efficient emitting sur-
faces arranged in such a way that the secondary electrons produced at
the first electrode under the influence of the primary beam are drawn
towards the next electrode causing a considerably increased emission

* Decimal classification: R330 X R583. Original manuscript received by the
Institute, July 16, 1936.

I Jour. Frank. Inst., October, (1934); Electronics, November, (1935);
Wireless World, November, (1935).

3 Certificates No. 24040 and No. 45765. Application for Patent 74242, 1930.
3 Joseph Slepian, U. S. Patent No. 1450265, 1919; U. S. Patent No.

1748386, 1926; English Patent No. 364006, 1930.
4 Given in the description to certificate No. 24040 (1930).
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of secondary electrons at its surface; these again are drawn towards
the next electrode, and so on, producing an avalanche -like increase
of the electronic current in the evacuated space.

Thus, if the coefficient of secondary emission be denoted by 0-, i.e.,
the ratio of the secondary to the primary current for a given
potential difference between two adjacent electrodes, then the growth
of the electronic current can be expressed as follows

ivy"' (1)
where is the primary current striking the first electrode, I., the
current collected at the last electrode and m, the number of stages.

The above formula clearly expresses a geometrical progression.

Fig. 1-Early type of elementary secondary emission amplifier.

The same expression is obtained for the amplification in a multistage
electron tube amplifier with equal stages. Witkregard to amplification,
the above system is seen to be equivalent to a multistage amplifier,
but possesses the further advantage that the amplification is purely
electronic in character and takes place in a single evacuated space.

It is this latter circumstance which determines the superiority of
cumulative secondary emission over the usual multistage electronic
tube amplifier, the process being entirely free from the disturbing
influence of extraneous factors, such as the variation of resistance
owing to frequency and phase distortions, or the Schrott-effect due to
the direct -current component of the electronic current in the tube.

These advantages are very important and the cumulative principle
might be expected to produce a complete change in electronic tech-
nique, especially since the present state of development allows the use
of electronic tubes of much simpler design and smaller size than the
tubes hitherto used. At the same time, with the new device, a million -
fold amplification can be obtained.
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The first practical devices, constructed and tested in 1934, were of
the type shown in Fig. 2. As the design5 is still of interest from the con -

Fig. 2-Secondary emission amplifier with ring electrodes.

structional point of view, a brief description follows. The general
principle of the design is illustrated in Fig. 3. The electrodes of thin
silver are in the shape of cylindrical rings and a special electrode is

Fig. 3-Schematic section of Fig. 2.

placed along the axis. Holes provided in the rings facilitate the mount-
ing and handling of the device. The inner surface of the cylindrical
electrodes are treated with oxygen and cesium in a way similar to that

Fig. 4-Secondary emission amplifier with ring electrodes.

used in the construction of photocells to obtain photosensitiveness and
high emissivity simultaneously. By means of a high resistance potenti-

5 Application for Patent No. 146218, April, 1934. Certificate of November
19, 1935.
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ometer a potential step-up of some 200 or 300 volts is applied to each
successive electrode.

The source of primary electronic emission consisted either of a
thermionic cathode of small intensity the weak electronic emission of
which was passed on through a slit to the first electrode, or of an illu-
minated photoactive surface. A tube of this kind using a thermionic
cathode and a grid is shown in Fig. 4,

On the basis of certain theoretical considerations regarding the
movement of electron streams in complex electric and magnetic fields,
it is to be expected that when the arrangement is placed in a magnetic
field of the required intensity and direction, the tracks of the moving
electrons emitted from the inner surfaces of the ring electrodes will be

Fig. 5-Schematic section of Fig. 6.

as shown in the diagram. Since experimental tests completed in June,
1934, confirmed this view, devices containing six ring electrodes were
constructed, the amplification being of the order of 1000.

Somewhat later, in September, 1934, the operation of the device
was demonstrated to a number of highly qualified visitors, including
both Soviet and foreign scientists.' About the same time satisfactory
results were obtained with the design shown in Fig. 5, a modification
of the one previously described.' A photograph of the tube is shown in
Fig. 6. Tubes with twelve ring electrodes, i.e., twelve cascades, were
also used and are shown in Fig. 7.

The above device, however, was lacking in simplicity, and other
methods were developed to afford better facilities for mass productions
With this end in view the inner surface of the glass was coated with a
metallic film obtained by precipitation, and the film was afterwards
subdivided into a number of separate parts by a special chemical
method, Fig. 8.

6 Academicians Joffe, Chernysheff, Zworykin, etc.
7 Application for Patent No. 146218, April, 1934.
8 Application for Patent No. 166537, April, 1935.
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Mounted electrodes are entirely absent, the process of splitting the
film into separate electrodes occupies on the whole only a few minutes,
no matter how primitive the method used.

Fig. 6-Secondary emission amplifier with cylindrical array of electrodes.

The results obtained with these devices were summarized and pre-
sented on February 2,;1935 at a special meeting held in Leningrad9 at
which a number of eminent Soviet specialists were present. Tubes with

litiegfAav.mor

Fig. 7-Twelve-stage secondary emission amplifier with ring electrodes.

ten electrodes were demonstrated giving an amplification of the order
of a 1,000,000, with a photosensitivity of one ampere per lumen.

MODERN TYPES OF CASCADE TUBES

A comparison of tubes containing mounted electrodes (Figs. 2, 6,
and 7) with those with chemically separated metallic films on the glass

Fig. 8-Secondary emission amplifier with inclined electrodes
deposited on glass wall of glass encelope.

walls (Figs. 8 and 9) showed that the latter presented many construc-
tional and operative advantages, and all subsequent work was there-
fore confined in this direction. Designs of this kind are shown in Figs.

° A stenographic report has been published in the Jour. for Automatics and
Telemechanics, no. 1, (1936).
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10 and 11. Fig. 12 represents a vertical section of the tube; on the
inner surface of the glass a number of circular films are seen at an
angle to the axis. Usually the films consist of colloidal silver precipi-
tated from a special solution used for silvering and submitted to a
special treatment in vacuum with active oxygen first and then with

Fig. 9-Secondary emission amplifier with metallized glass electrodes.

cesium. No other metallic electrodes are employed. The use of in-
clined electrodes is a characteristic feature of this system. Part of a
still more positive electrode is situated near any part of the preceding
active electrode, so that a positive gradient is set up at the surfaces
which emit secondary electrons, and the influence of space charge, as

Fig. 10-Secondary emission amplifier (in housing) and voltage supply.

well as that of the negative electric field from those electrodes having
lower potentials, is compensated.

The proposed construction presents many advantages and pos-
sibilities; in addition to extreme compactness and simplicity, it has
the further merit of being free from microphonic disturbances.

Cooling conditions are also very favorable; the evolved heat is
easily carried away across the thin glass walls by conductivity and
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diffused over large surfaces by direct contact with thermal conductors.
A simple calculation, supported by experimental evidence, shows that
when the temperature of the inner electrode attains 100 to 150 degrees
(which may be considered the maximum temperature in the case of an
activated silver film) from five to ten watts will be carried off from

Fig. 11-Secondary emission amplifier in housing.

every square centimeter of surface, whereas an electrode mounted in
vacuum would give off only 0.2 watt per cm2.

In the system described a millionfold amplification can be obtained,
while its photoelectrical sensitivity attains some 100 amperes per
lumen.

Since no complicated mounted electrodes are used, the dimensions
of the tube can be considerably diminished; thus, tubes only 100

WatMaaaM",,,
Fig. 12-Schematic section illustrating construction of amplifier with inclined

electrodes deposited on interior wall of glass envelope.

millimeters long and 12 millimeters in diameter have been constructed
in the laboratory; a photograph is given in Fig. 13. The general features
of these tubes will be described below.

In some cases, it may be desirable to avoid the use of magnetic
fields; for this reason, a tube is now being designed where magnetic
fields are eliminated. The design is based on the use of a central elec-
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trode a description of which was given by the author in 1934." At that
time it was intended to use several truncated cones or other electrodes
together with a central electrode (Fig. 14). Later on, a metallic wire

--------

Fig. 13-Illustration of dimensions of modern secondary emission amplifiers.

was substituted and the truncated cones were replaced by rings
(Fig. 15).

This type can be easily constructed by using the previous method
of depositing the electrodes on the inner glass surface. The operation

Fig. 14-Schematic section of secondary emission amplifier not
requiring magnetic field for operation.

Fig. 15

of the tube requires a special distribution of the potential applied at
the separate rings.

The characteristics of the tube and the amplification afforded do
10 Application for patent No. 146216. Certificate awarded February 12, 1935.
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not differ much from those obtained in the devices previously de-
scribed.

We also might mention some other systems suggested by the
author in 1934 incorporating a series of activated grids or ribbed
electrodes resembling a Venetian blind. The idea has been made use
of in some later systems.

THE CHARACTERISTICS AND APPLICATIONS OF TUBES
WITH SECONDARY ELECTRONIC EMISSION

The tubes, after manufacture, were submitted to a detailed study.
Some of the experimental data obtained are given below.

The relation between the output current and the intensity of the
incident light beam striking the photocathode was examined; the

gm,s,

Fig. 16-Variation of output current with illumination.

results are plotted in Fig. 16, and show a linear relationship over a
wide range of intensity in accordance with theoretical expectations.

In order to elucidate the nature of the process going on in the tube,
the amplification was measured at each cascade. On the diagram of
Fig. 17 the logarithms of the current in a given cascade are plotted
against the number of the latter. It is easy to see that the amplifica-
tion is almost uniform from one cascade to another, the emission ratio
being nearly the same for all the rings. Equation (1) may therefore be
used without considerable error.

Current potential characteristics were also obtained for the last
cascade, and the maximum potential variations at the output which do
not lead to notable distortion determined. These were found to depend
to a large extent on the size and the shape of the anode. A curve of this
kind (Fig. 18) refers to a tube with a large anode occupying con-
siderable space and shows that large potential variations on the anode
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(within the limits of some 200 to 300 volts) do not result in notable
distortion.

The above fact shows that variations of the anode potential due to
the output do not depend on those factors which determine the value
of the initial current. In this respect, the tubes differ essentially from
the conventional vacuum tubes, especially when grids are applied for
the control of the primary electronic currents.

3
0

Fig. 17-Logarithm of the current value per stage plotted against the number
of stages which illustrates the uniform amplification obtained in eachstage.

The use of grids for the control of electronic currents in tubes with
single secondary electron amplification had been suggested before by
more than onel;author. However, these tubes have not been found to
be of practical use, for direct amplification, owing to the impossibility
of obtaining sufficiently high amplification. The latter fact is due to

9 44 #J

ma
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Fig. 18-Variation of output current with stage voltage.

the lack of materials with a high ratio of secondary emission. The max-
imum value which has been hitherto obtained 'does not exceed ten.

Given the development of multistage secondary emission electron
tubes, we are in a position to reconsider the problem of amplifiers,
generators, etc., which would differ essentially from the existing
vacuum tubes.
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Even in its present state of development, it is possible to visualize
"filamentless" vacuum tubes with parameters similar to those of ordi-
nary vacuum tubes.

Some attempts in this direction have already been made in our
laboratory showing the possibility of controlling the electronic current
in secondary emission electron tubes by means of special grids.

In this case, the characteristics are much like the grid character-
istics of ordinary vacuum tubes. A tube of this type has been used as
a detector and amplifier in several of the simplest radio receiving sets.
The radio transmission, for which a good loud -speaker was used,
ceased when the tube was shielded by the hand. The tube acted as an
amplifier and detector simultaneously.

In this case, back coupling and complicated systems with several
grids can be applied, just as in schemes with vacuum tubes, and even
more successfully.

It must be acknowledged however that the design of secondary
emission electron tubes used for potential amplification is not yet suf-
ficiently developed and values as high as those in current amplification
cannot be obtained. Secondary emission electron tubes have been
operated directly on alternating current (fifty cycles) without any
rectifier. The present designs have been successfully applied in the
construction of sensitive photorelays, the latter being directly con-
nected to the transformer without rectifiers. A relay of this kind can
be operated from the alternating -current line and can be widely ap-
plied in various automatic devices.

The sensitivity of. -a tube, operating on alternating current, has
been found to be ten amperes per lumen and even higher. We also
tried to determine the maximum sensitivity of the tubes.

Experimental data, as well as theoretical considerations, show that
the principle of electronic amplification outlined above secures a new
method for amplifying the smallest electronic currents, far below those
which can be amplified by means of the existing methods using vacuum
tubes.

The usual factors by which the application of vacuum tubes is
limited, such as fluctuations of the resistance, the Schrott-effect due to
the direct -current component of the electronic current, phase and
frequency distortion in the external circuit, are here absent, since the
whole process of amplification is a purely electronic one and practically
free from inertia.

All this is a point of the utmost importance in television problems,
which were formerly handicapped in their development by the im-
possibility of amplifying very low currents.

The use of electronic tubes with secondary emission together with
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some mechanical device, as for instance the Nipkow disk, will con-
siderably increase the value of such systems.

M. Lurie of our Institute, by using a mechanical device intended
for a sixty -line picture, succeeded in reducing the illumination of the
object to one tenth of the usual while simultaneously diminishing the
number of cascades.

Transmission could be obtained at an illumination of only 200 to
400 lux, which already approaches the usual lighting conditions. A

Fig. 19-Nipkow disk scanner with secondary emission amplifier.

photograph of the disk transmitter employed, with its tube and am-
plifier, is shown in Fig. 19.

The principle of electronic conversion, whether applied to trans-
mitters using an electronic image or to a system collecting the charge,
means an important advance in the development of this extremely
complicated problem.

On the theory of cathode transmitters with collected charge pro-
posed by Zworykin, we have devised a system" with the simultaneous
use of collected charges and secondary electronic conversion. Second-

" "Television," Russian. Published by the Radio State Commission. (1935).
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ary electronic conversion can be applied in such systems, due to a
new method of converting the collected charge into component im-
pulses which are not transmitted by capacitance coupling, as in Zwory-
kin's system, but in the form of electronic emission accompanying the
commutation process.

Further details on this subject may be found in the above -men-
tioned article.

Work now being conducted shows the possibility of a practical
solution of the problem.

The use of secondary electronic emission for the detection and
measurement of extremely low currents (those arising in high velocity
processes, for instance) which it would be impossible to determine by
the existing methods, opens new fields in various domains of physics,
biology, medicine, etc., and will enable many scientists to attack prob-
lems hitherto considered hopeless because of the lack of technical
means for the measurement of low emission currents.

In conclusion, we may mention the applicability of the above tubes
for sound motion pictures and other acoustical problems. The tube
presents a supersensitive photocell, with a sensitivity many hundred
thousand times exceeding that of the most perfect vacuum cell, and
its use promises to simplify considerably the whole of the sound equip-
ment and to result in a reduction of noise and distortion. Tests have
already shown that with a sensitive loud -speaker, the sound may be
reproduced with sufficient loudness without even the use of a multi-
stage vacuum tube amplifier. In this case, the loud -speaker must be
connected directly to the tube. By using a one -stage amplifier, an out-
put of five to ten watts can be obtained, which is quite sufficient for
large lecture rooms.

Space does not allow us to consider even a small fraction of the
many applications involved in the further development of the given
principle. There is however no doubt that we are dealing with an
entirely new principle of electronic technics which opens up new paths
of development.
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ALTERNATING- CURRENT RESISTANCE OF RECTANGULAR
CONDUCTORS*

BY

S. J. HAEFNER
(Union College, Schenectady, New York)

Summary-New experimental data are presented for conductors having ratios
of width to thickness of 1 to 1 to 2400 to 1 for frequencies up to eight kilocycles.
These data are co-ordinated with existing data furnishing an experimental proof of
the "principle of similitude." "Skin effect" formulas are also checked with the ex-
perimental data over the range of frequencies for which these relations apply.

INTRODUCTION

KNOWLEDGE of the alternating -current resistance of con-
ductors is of importance both in the design of bus bars to carry
high currents of low frequency and in the case of smaller con-

ductors carrying high -frequency currents.
For isolated conductors of circular section the resistance ratio, i.e.,

the ratio of the alternating -current resistance to the resistance with
direct current, may be calculated from the equation' developed by
Maxwell, Heaviside, and Rayleigh.

The theory of the effect of neighboring current -carrying conductors
in changing the resistance ratio on account of proximity effect leads to
greater mathematical difficulties. The formulas2 of Curtis, Carson and
others enable it to be evaluated and show that for parallel cylindrical
conductors the proximity effect is insensible if the axial spacing is
fairly large, compared with the diameter of the cross section.

Dwight' and Russell have given formulas for the resistance ratio of
isolated tubular conductors and for the approximate evaluation of the
proximity effect.

A complete treatment of the important case of conductors of rec-
tangular cross section, however, leads to formidable mathematical dif-
ficulties. Dwight,4 it is true, has obtained a series formula for an iso-

* Decimal classification: R241.5 X R282.1. Original manuscript received by
the Institute, November 23, 1936.

1 A. E. Kennelly, F. A. Laws, and P. H. Pierce, "Experimental researches
on skin effect in conductors," Trans. A.I.E.E., vol. 34, part II, p. 1953; Sep-
tember. (1915),

2 Harvey L. Curtis, "An integration method of deriving the alternating-
current resistance and inductance of, conductors," Bur. Stand. Bull., no. 374,
April, (1920).

3 H. B. Dwight, "Proximity effect in wires and thin tubes," Trans. A .I.E.E.,
vol. 42, p. 850; June, (1923).

4 H. B. Dwight, "Skin effect in tubular and flat conductors," Trans.
A.I.E.E., vol. 37, part II, p. 1379; June, (1918).
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lated thin strap but this converges only for cases where the resistance
ratio is small. Cockroft5 has used the Schwarz-Christoffel6 transforma-
tion to derive an expression which gives the resistance ratio in terms of
elliptic integrals, but this applies only to cases where the skin effect is
very pronounced, the penetration being less than both of the cross-
sectional dimensions.

Experimental determinations of the resistance ratio are therefore
of importance to give quantitative results for the middle region and to
supply observational data on which to base future theoretical work.

An important principle which is of great usefulness in co-ordinating
the measured resistance ratios of different experimenters was pointed
out by Dwight.'

The theory for isolated cylindrical conductors shows that the resist-
ance ratio is a function of the single parameter p =-037rfA/a in which
f =frequency, A = area of cross section in square centimeters, and
0- = specific resistance in absohms per centimeter cubed. This may be
written also as p = Valrf/RD.c. in which RD.C. = the direct -current re-
sistance of one centimeter of the conductor (in absohms).

Noticing that the same parameter entered in his expressions for
the resistance ratios of isolated tubular and thin rectangular conductors
Dwight7 enunciated what he designated as the "principle of similitude;"
viz., "A conductor, or a combination of conductors, of a certain propor-
tionate shape and a certain value of f/RD.c. will have a definite value
of RA.c./RD.c.. This is true of isolated conductors and single phase and
polyphase circuits. If this principle of similitude is adopted by those
making skin effect tests, they will plot their test results on a base of
f/RD.c. or -Vf/RD.c. instead of on a base off as usually has been done.
If the principle is adopted by designers who require to know skin ef-
fect values, they will make use of tests made on any size of conductors
and at any frequency, and will correct them mathematically according
to the principle of similitude."

An interesting theohtical proof of this principle applied to conduc-
tors of any cross-sectional shape has been contributed by J. Slepian.4

Admitting the generality of this principle, measurements made
with large, conductors at lower frequencies may be extended to the
case of smaller conductors at higher frequencies and vice versa.

6 J. D. Cockroft, "Skin effect in rectangular conductors at high frequency,"
Proc. Royal Soc., vol. 122, no. A790, pp. 533-542; February 4, (1929); also
Jour. I.E.E., (London), p. 400, July, (1928), for electrostatic analytical method.

6 W. M. Page, "Conformal transformation for isolated rectangular conduc-
tors," Proc. Lond. Math. Soc., vol. 2, p. 321, (1912-1913).

7 H. B. Dwight, "Skin effect and proximity effect in tubular conductors,"
Trans. A.I.E.E., vol. 41, p. 190; February, (1922).
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Experimental proof of the truth of this principle is much to be
desired. It will be furnished if measurements on the resistance ratio of
conductors of very different sizes but of the same cross-sectional shape
and measured by different methods and at different frequencies are
found to yield the same resistance ratio if the parameter (p) is the same.

Several papers giving the results of experimental measurements
have appeared in the early literature on the subject, notably that by
Kennelly, Laws, and Pierce.' giving data for frequencies up to 5000
cycles and parameter (p) up to about 3.9. The measuring apparatus
was a Heaviside mutual inductance bridge, using as a source one of
several alternators of various ranges of frequency, and as a detector a
pair of head telephones. This paper gives observations upon three
copper strips of different widths and the same thickness as indicated in
Table I. Another paper8 by Kennelly and Affel covered a frequency
band of zero to 100 kilocycles furnished by an Alexanderson radio -
frequency alternator. A null method employing a differential trans-
former was used to obtain the measurements, together with a pair of
head telephones as the detector. Much smaller strips were measured
in these experiments giving an average parameter range from zero to
about 3.5. Three sets of strips Were tested and are listed in Table I. A
recent paper' by H. C. Forbes and L. J. Gorman gives data for small
conductors found at frequencies ranging from 22 to 287 kilocycles, the
parameter (p) varying from zero to about 10. A "substitution method"
was used, in which a vacuum tube oscillator as the source together with
a vacuum tube voltmeter and a current indicating vacuum tube am-
plifier provided a means of comparing resistance ratios of rectangular
shaped conductors with those of round copper conductors used as
standards. The comparison was carried out by adjusting the circuit to
resonance in each case by slightly altering the dimensions of the test
loop thus avoiding detrimental, proximity effects.

The object of the present paper is (a) to describe measurements of
the resistance ratios of rectangular conductors with a considerable
range of different cross-sectional shapes at frequencies up to 8000
cycles. The cross-sectional dimensions are such as to yield a range of
parameter .up to about seven; (b) to compare these measurements
with those of the experimenters previously mentioned in the light of
the similitude principle; and (c) to compare the theoretical formulas of
Dwight and Cockroft with the existing experimental data.

8 Kennelly and Affel, "Skin -effect resistance measurements of conductors to
100 kilocycles," PROC. I.R.E., vol. 4, pp. 523-574; December, (1916).

9 H. C. Forbes and L. J. Gorman, "Skin effect in rectangular conductors,"
Trans. A.I.E.E., vol. 52. no. 2, p. 516; June, (1933).
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EXPERIMENTAL ARRANGEMENT

A conventional bridge network of the Wheatstone type was used,
special precautions being taken to eliminate the residual errors inherent
in this type of impedance network when the source potential is alter-
nating. Referring to Fig. 1, the network is shown in which two adjacent
branches were one -ohm noninductive resistors and two were imped-
ances. The alternating potential source was a vacuum tube oscillator -
amplifier with an output of approximately 300 milliwatts calibrated
for frequency settings from 0 to 10 kilocycles within one per cent. Its

05C.

Fig. 1-Arrangement of bridge.
R.-Effective resistance of test sample.
L.-Effective inductance of test sample.
L-Brgok's variable inductance.

L'-frarifible inductance of single turn of variable diameter.
r-rResistance, of inductometer plus turn plus 'twisted leads.

Li-Inductance of fixed coil.
7.2-Resistance of fixed coil plus twisted leads.
/2-Lengths of slide wire.

output was coupled to the bridge through an electrostatically shielded
transformer giving the proper impedance ratio which was of the order
of 600 to 5 ohms. For the detector two step-up transformers were used
in conjunction with a three -stage resistance coupled amplifier and sen-
sitive headphones Making it possible to reach an exceedingly sharp
balance.

It may be of interest to refer to several refinements in the design of
the variable Brook's" type inductometer, (L, Fig. 1) and Fig. 3. The
coils of this  instrument were wound with a conductor consisting of
ninety strands of No. 30 B. & S. gage enamel -insulated wire thereby
reducing to a minimum the change in its high -frequency resistance

10 Brooks and Turner, Bur. Stand. Bull., no. 290, October, (1916).
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brought about by a change of rotor setting. As discussed later this
change of resistance may be a serious source of error in the bridge meas-
urements. Special attention was given to contact points, as the resist-
ance to be measured was quite small, generally in the neighborhood of

Fig. 2-Arrangement of apparatus.

Fig. 3-Brook's inductometer.

0.01 -ohm. For instance, in the inductometer, the leads from the rotor
coils were led through the hollowed shaft of the instrument and joined
electrically to the stationary coils by the use of mercury cups, (Fig. 4).

A "fixed" coil of convenient inductance was also wound of the same
type of conductor (used here because of the ease of winding a stranded
conductor of large cross section) and is L1, (Fig. 1).

Measurements were taken by the method of differences. To carry
out this method two mercury cups were arranged in each impedance
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arm with similar short-circuiting U-shaped copper bars thus making
it possible to reach a balance with the test sample in the arm, and with
the test sample short-circuited. The test sample was then transferred
to the opposite impedance arm and the method of differences repeated.

Since the sample had a small inductance it was necessary to balance
for equality of the inductance of the arms as well as their resistances.
By the method of differences the resistance of the sample was obtained
in terms of a length of slide -wire which consisted of about a meter of
No. 9 B. & S. gage "Advance" alloy, having a negligible temper -

Fig. 4-Rotor and stator connection.

ature coefficient and negligible skin effect for the temperatures and
frequencies encountered. At the maximum frequency, 8500 cycles, the
parameter (p) had a value of about 0.5, giving RA.c./RD.c. a calculated
value of 1.0003. This makes possible the evaluation of the resistance
ratio as a ratio of lengths of the slide -wire, provided there is no change
of resistance of other parts of the bridge arms when the sample is
shorted. The change in inductance necessary to rebalance the bridge
when the sample is removed was obtained from a change in the setting
of the variable Brook's inductance which also included compensation
for the small inductances of the portions of the slide -wire transferred
from one side of the bridge to the other. The direct -current resistance
of the variable was independent of the setting. The only change in the
alternating -current resistance of the variable which can occur is that
brought about by change in the proximity effect of the coils of the
variable inductance (and capacity between them) due to the change of
the relative positions of the coils.

This effect was proved to be negligible by the agreement of the
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measured values of the resistance ratio of the round conductors with
those calculated from the theoretical formula when the Brook's va-
riable of larger range was used. Preliminary measurements, using the
variable L of smaller value, indicated an appreciable change in the al-
ternating -current resistance of the arm at frequencies above 3000 cycles
because the relative movement of the coils necessary for balancing was
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a

much greater than with the larger variable. The use of the larger vari-
able for an approximate inductance balance with a fine adjustment
brought about by changing the shape of a single turn of wire was
adopted as the procedure in the case of all the measurements here
reported.

Four sets of readings were taken, two with the sample in the vari-
able inductance arm, the second set being obtained by reversing the
ratio arms, and two similar sets with the sample in the fixed inductance
arm.
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Referring to Fig. 1 the equations at balance are (primes denoting
alternating -current readings)

(a) loop shorted r' = p2'

(b) short removed r' R" p2"

(b) - (a) = (P2" - P2') - (P1" - P1')
If a = resistance per centimeter of the slide -wire and D its length,

then,
= al'

P2' = a(D - 1') Az" = a(D - 1").

Substituting these relations in (b) - (a)
R' = 2a(1' - 1").

By a switching arrangement dry cells and a galvanometer were sub-
stituted for oscillator and headphones and the direct -current balance
was obtained. The direct -current resistance

R = 2a(11 - 12)
and,

R' - 1"
R -

An inspection of the last equation indicates that it is not necessary
to calibrate the slide -wire to measure the resistance of the test samples.
For purposes of comparison, however, it is highly desirable. Using a
Leeds and Northrup potentiometer and a resistance standard the resist-
ance of the slide wire was measured as 0.0008015 ohm per centimeter.

The loop of wire to be tested was supported on two wooden racks
spaced about fifteen feet apart, and some distance from the bridge
network. The total length of wire under test was generally about 65
feet. The loop was indoors and was arranged with parallel sides about
two feet apart in a vertical plane. This distance was great enough to
render proximity effect negligible as indicated by the experimental
work already cited. Instead of a loop 30 feet long, it was convenient
to fold the loop back upon itself.

Table I gives the physical dimensions of the specimens which were
provided through the courtesy of E. S. Lee and J. J. Kehoe of the Gen-
eral Electric Company. These specimens consisted of soft -drawn copper
with the edges slightly rounded as is the case in the commercial pro-
duction of such strip conductors. The cross sections are shown one-
third size in column 1, Table I. The rectangular samples have cross-
sectional areas lying approximately between those of the round wires
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TABLE I
AVERAGE DIMENSIONS OF TEST SPECIMENS

Specimen
No.

Actual (mils)
Dimensions

Nom. (mils)
Dimensions

Average
Area

Square
Inches

RATIO a/c Wire
Length

Feet

Total
RD.C.

(ohms)2a 2c 2a 2c Actual Nom.

No. 4, B.S. diam. 204 diam. 204 0.0328 48.33 0.01186
1 182 182 180 180 0.0331 1.00 1 65.0 0.0162

OD 2 374 180 375 180 0.0650 2.07 2 65.0 0.00840
3 402 81.1 400 80 0.0326 4.95 5 60.0 0.0152
4 751 75.0 750 75 0.0560 10.0 10 61.0 0.00876
5 12000 5.0 12000 5 0.0600 2400 2400 60.0 0.00850

No. 0, B.S. diam. 325 diam. 325 0.0829 64.2 0.00622

Kennelly, Laws, and P erce
K, 496 62.3 0.0309 7.96 8 200 0.0545
K, 992 62.3 0.0618 15.9 16 200 0.0259K,1500 62.6 0.0940 23.95 24 200 0.0173

Kennelly and Affel*
A 1000 3.0 333 330 25?
B 756 3.0 278 280
C 526 2.7 194 195
D 240 3.0 80 80
E 140 2.7 52 52 3?

* Only a very rough check is possible with these data since the length of wire under test and its
total direct -current resistance were not given.

included in the table. Also included in the table are the three strips
tested by Kennelly, Laws, and Pierce and the three sets of strips
tested by Kennelly and Affel.

TABLE II
COMPARISON OF TEST AND THEORETICAL VALUES FOR ROUND WIRES

Freq. 300 500 1000 2000 3000 4000 5000 6000 7000 8500

64', ri?' &Ic.
0.96421 1.245 1.761 2.490 3.0494 3.522 NE

'..1 LR Obs.{ 1.003 1.018 1.054 1.173 1.332 1.500 1.658
% Diff. -0.10 +0.49 +0.57 0.00 -0.15 0.00 +0.24

1.989 2.812 3.978 4.871 5.627 6.291 6.889 7.441 8.201
pi

R' 8alc.- 1.076 1.260 1.669 1.997 2.264 2.496 2.704 2.898 3.164

`'. 10 Obs. 1.076 1.258 1.669 2.000 2.275 2.495 2.711 2.908 3.140
% Diff. 0.00 -0.16 0.00 +0.15 +0.49 -0.04 +0.26 +0.35 -0.76

Table II tabulates the measured and calculated" resistance ratios
of the round wires. Fig. 5 is a graph of test and theoretical values using
the parameter (p) as a base. The deviation of the observed points
show the agreement of the values measured by the bridge with the
theoretical values, and indicate the absence of appreciable errors in the
bridge.

CONCLUSIONS

(a) The test results for the resistance ratios of rectangular conduc-
tors having shape factors of 1:1 to 2400:1 are presented graphically
in Figs. 6, 7, and 8.

" F. W. Grover and E. B. Rosa, Bur. Stand. Bull., vol. 8, no. 1, January,
(1911).
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(b) Fig. 6 compares test data measured at relatively high frequency
on small conductors by Forbes and Gorman with that measured by the
author at low frequency on large conductors. The curves are in good
agreement 'and represent rather completely experimental values on
round, square, and rectangular conductors for parameter values up to
about seven. The good agreement gives experimental evidence of the
truth of the "similitude principle" and speaks well for the reliability of
the data.

Fig. 6-Experimental evidence of truth of similitude principle.

The values of resistance ratios as graphed on Figs. 6, 7, and 8 may
therefore be used with confidence for frequencies beyond those actually
employed in the tests if the cross-sectional area of the conductor and
the frequency gives a value of the parameter (p) within the range
plotted. It should be kept in mind, however, that these ratios are for
true "skin effect" and "edge effect" only, or in other words, the ratio
of the effective resistance of unequal current distribution within the
conductor to its direct -current value. The order of frequencies where
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satisfactory results can be obtained by such extension is limited, as in
the case of the isolated round wire, by radiation and capacitive effects.
It is only necessary when making such extension for conductors of
rectangular section to have the shape factor the same. At extremely
high frequencies there are additional resistances caused by radiation

'Shape Ratio
1.5

14

1.5

)2

1.0
0 I 2 p 3 4

Fig. 7-Test and theoretical values compared, small resistance ratio.
5

and capacitive effects for both the round wire and the rectangular con-
ductor which should be calculated separately.12

The use of the similitude principle for finding the resistance ratio
caused by unequal current distribution within the conductor might
well be illustrated by a numerical example. For instance a copper strip

12 C. P. Steinmetz, "Theory and Calculation of Transient Electric Phe-
nomena and Oscillations," Chap. 9, McGraw-Hill Publishing Company.
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having a shape factor of 5 to 1 and a cross-sectional area of 0.0021
square centimeter, which is roughly equal to that of No. 24 B. & S.
gage wire, is to be used at 500 kilocycles. Its resistivity is 1724 absohms.

4871-fA Xr X 5X 105 X 2 . 1
1724 X 103

= 3.92.

From Fig. 6, using the curve for shape factor 5 to 1,

RA.c.
= 1.48.

RD.c.

I8

20

J.DGoc....-re,-1.

Fig. 8-Test and theoretical values compared, large resistance ratio.

(c) Fig. 7 compares test data with Dwights' series formula which
gives values about two per cent less than the observed ratios for strips
having shape factors 5:1 and 24:1. At p = 2, beyond which it is imprac-
ticable to use the formula for computation, the calculated value is
1.81 per cent less than the measured value, this being the largest devia-
tion. For the very wide thin strip (2400:1) the deviation is much greater
even though a better agreement might be expected since Dwights'
formula was derived on the assumption of a negligibly thin conductor.

The skin effect formula of Rayleightm for an indefinitely wide strip
gives values which fall far below those measured on the widest ribbon
and are not included on the graph.

13 Lord Rayleigh, Phil. Mag., pp. 382, 469, 1886; Sci. Papers, vol. 11, pp.
486, 495.
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Test data for the three strips K1, K2, K3 are also graphed in Fig. 7,
which should prove useful together with the new data, for estimating
graphically fairly accurate resistance ratios when the parameter (p)
is small.

Fig. 8 compares theoretical values of the formula of J. D. Cock-
roft" with existing test data and indicates that the formula may be
used at the higher frequencies. An inspection of the curves shows that
for parameter values greater than about seven the resistance ratio in -

Fig. 9-Elliptic function solution, J. D. Cockroft.
RA.C.

of rectangular conductors for large:values of the parameter (p).
RD.c

f(a/c)= p
RD.o. '\/ '

Example: Square cross section: alc= 1
From curve, a scale: f(a/c) =1.86

RA.C. 1.86
and = p =0.418 p

RD.C. 7

p>

p >3.2

creases considerably faster with frequency increase than it does be-
low this value. It is interesting to note that resistance ratios calculated
from Cockroft's approximation corroborate this rather unexpected
bend15 in the experimental curves. It should be emphasized that the
dashed lines as calculated from Cockroft's formula give only the slopes

14 A solution for rectangular conductors in terms of complete elliptic inte-
grals of the first and second kinds but with the limitation that the penetration of
the current into the wire must be less than either of the conductor dimensions.
The elliptic functions are graphed in Fig. 7 with accompanying formulas.

16 An interesting discussion of this change of slope is given in Elect. Eng.,
pp. 724-725, October, (1933).
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of the resistance ratio curves at infinite frequency and should thus be
considered as asymptotes of the exact curves. The experimental curves
contribute the very useful information that the slope at finite frequen-
cies is not sensibly different from that at infinite frequency. A further
important contribution given by the test values is the location of the
asymptote which was not calculated in the theoretical treatment men-
tioned above. It will be noted on Fig. 8 that the test curves show the
intercepts of the asymptotes on the vertical axis to be very nearly
equal to zero.

On account of the inadequacy of the existing formulas in the middle
region the experimental work done should be of value not only for
furnishing additional evidence for judging the value of theoretical
formulas, but for providing a further experimental basis for future
theoretical work.
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THE TEMPERATURE COEFFICIENT OF INDUCTANCE*
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JANUSZ GROSZKOWSKI
(State Institute of Telecommunications, Warsaw, Poland)

Summary-The author tries to explain the discrepancy between theory and
experiment with regard to the temperature coefficient of inductance of coils. Experi-
ments show that the temperature coefficient of inductance is not equal to the coefficient
of linear expansion of the material of the coil, but exceeds it many times. Such a
considerable discrepancy cannot be explained by means of the factors pointed out by
certain authors. There must still exist an unknown factor which is responsible for
it, probably eddy currents in the mass of the winding as distinguished from skin
effect. The author's experiments confirm this. Other experiments show the influence
of various factors in the construction of a coil on its temperature coefficient of induct-
ance.

I. GENERAL CONSIDERATIONS

IN A letter to the editor of The Wireless Engineer,' I gave the results
of preliminary investigations on the temperature coefficient of in-
ductance of coils (see Appendix I). On the basis of these results I

have proposed a hypothesis to explain the divergences between theory
and experiment; namely, that in spite of the theory the temperature
coefficient of inductance, instead of being equal to the coefficient of linear
expansion of the winding, ordinarily exceeds it. Thus, in a copper coil
made in such a way that all its dimensions can change freely with
temperature, the values exceed 100 parts in a million per degree centi-
grade, as compared with seventeen parts in a million, respectively.

The investigations of the causes of the discrepancy between the
theory and experiment have so far had little success.

E. B. Moullin2 has examined some factors influencing the tempera-
ture coefficient of inductance; that is, the inner inductance at high fre-
quencies, the self -capacitance of the coil, the difference of radial and
axial expansion, deforming of turns, etc.

Taking these factors into consideration and making necessary cor-
rections by means of available formulas, it was, however, possible to
account for a discrepancy between theory and experiment up to about
fifty per cent, but in no case to 200 or 300 per cent.

* Decimal classification: R382X R230. Original manuscript received by the
Institute, September 15, (1936). Résumé from the paper in Polish, Wiadomaci
i Prace Paristwowego Instytutu Telekomunikacyjnego, vol. 7, January, (1936).

1 J. Groszkowski, "The temperature coefficient of inductance," (Corre-
spondence, Wireless Engineer and Engineering Wireless, vol. 12, pp. 650-651;
December, (1935).

2 E. B. Moullin, "The temperature coefficient of inductance, with special
reference to the valve generator," PROC. I.R.E., vol. 23, pp. 65-84; January,
(1935).
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H. A. Thomas' of The National Physical Laboratory recently called
attention to the influence of the mechanical deformations of the wind-
ing as well as that of the self -capacitance of the coil. Although his paper
was primarily concerned with the design of special coils of the com-
pensated type, nevertheless it helps to explain the cause of the above -
mentioned discrepancy. However, the experimental results are again
greater than the theoretical.

This discrepancy cannot be attributed to the method of measure-
ment. As may be seen from Appendix III, the influence of the resist-
ance variation of the coil under test on the frequency of the oscillator
is negligible, not exceeding, even in the most unfavorable cases, a few
per cent. There is still some other factor which exerts a considerable
influence on the temperature coefficient of inductance, and according
to my previous correspondence,' it is the effect of eddy currents in the
winding of the coil itself.

Of course, we can consider the mass of metal of the winding as the
secondary of a transformer which diminishes the primary inductance.
When the coil expands with an increase of temperature, there is also
an increase in the resistivity of the material of the winding, which re-
duces the reaction of the secondary on the primary, thus resulting in
an increase of inductance. Consequently the temperature coefficient of
inductance of the coil X', determined experimentally, becomes greater
than the calculated value X, (see Appendix IV).

Howe,' in connection with the problem suggested in my letter, con-
siders in an editorial the effect of eddy currents as the skin effect in its
wider sense. However, the question arises: Is there any difference be-
tween the skin effect and the effect of eddy currents in a coil? It would
be useful to distinguish between them.

In a straight conductor or in an ideal solenoid (infinitely long,
formed not of the turns but of a uniform sheet of current, having no
self -capacitance) each element of the length of coil is in the same condi-
tions with regard to the alternating magnetic field; the current lines,
in spite of their displacement, remain therefore always parallel to the
conductor axis and there are no currents flowing in the planes perpen-
dicular to the axis of conductor. Such an effect of displacement of the
current lines in the conductor section we can attribute to skin effect.

This matter is slightly different in the case of a real coil of finite
length, wound with a conductor of circular cross section, of given pitch,

8 H. A. Thomas, "The stability of inductance coils for radio frequencies,"
Jour. I.E.E. (London), vol. 77, pp. 702-722; November, (1935).

4 G. W. 0. Howe, "The temperature coefficient of inductance," (Editorial).
Wireless Engineer and Engineering Wireless, vol. 12, pp. 637-638; December,
(1935).
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and having self -capacitance. For instance, in a mass -wound coil,5 owing
to the leakage of the flux, the extreme turns do not link the same flux
as the middle ones; also the flux passing through the individual ele-
ments of the conductor may be not equal in different points of the
turns.

Generally, the individual elements of a turn may not be symmetri-
cally located with respect to the alternating magnetic field; in conse-
quence, currents may flow in a direction perpendicular to the conductor
axis and turn back over a longer or shorter length of the conductor.
This effect, in order to distinguish it from the preceding one, we con-
sider as the eddy current effect.

As an explicit example of eddy currents in the winding of a coil con-
sider a part of one turn which is considerably deformed, located in the
main magnetic field of coil. This part of the conductor will be a seat of
currents which flow and turn back over its length; these currents can-
not be considered as the result of the skin effect.

Evidently, in a normal coil, the deformation of turns is small; nev-
ertheless the irregularity of the winding as well as the deformation of
the magnetic field at the borders of the coil, particularly in multilayer
coils, can be the cause of eddy currents in the winding. With regard to
the skin effect, it is manifested independently as the parallel displace-
ment of the current lines on the total length of the conductor of the coil.

Usually, the distributiOn of the high -frequency current in the cross
section of the conductor of the coil is considered in connection with the
calculation of the inductance or resistance of the coil and ordinarily
concerns simple and idealized systems (for instance the straight con-
ductor,' the infinitely long solenoid, the turns of the square cross sec-
tion closely wound)6 where the occurring phenomena reduce them-
selves, of course, only to the parallel displacement of the current lines
in the section, that is, to the pure skin effect.

It is clear that the formulas obtained under these suppositions are
not sufficient when dealing with the effect of eddy currents, that is,
in the majority of cases of the real coils used in practice.

As regards the pure skin effect, it can be shown (see Appendix V)
that, in some cases, it plays an important role in increasing the tem-
perature coefficient of inductance of the coil, which becomes a function
of the frequency and passes through a maximum. Thus, in a coil of
one turn of diameter D =10 centimeters, made of copper of circular

5 S. Butterworth, "Effective resistance of inductance coils at radio fre-
quency," Wireless Engineer and Engineering Wireless, vol. 3, pp. 203-210;
April, (1926).

J. G. Coffin, "The influence of frequency upon the self-inductance of coils,"
Bull. Bur. Stand., vol. 2, pp. 275-296, (1906).
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cross section of diameter d = 0.1 centimeter, the maximum value occurs
at a frequency F = 250 kilocycles, and is 87 parts in a million per degree
centigrade, while the coefficient of linear expansion of copper is only
17. For higher frequencies, the temperature coefficient of inductance
decreases, and at F =1 megacycle is 46 parts in a million, per degree
centigrade.

II. EXPERIMENTS

In order to prove these considerations experimentally, a one -turn
copper coil was made (which could spread freely, according to its coef-
ficient of linear expansion) of dimensions : D = 200 centimeters, d = 1.0
centimeter. However, in order to facilitate the heating of the coil
by a current of hot water, a copper tube was used having an exter-
nal and internal diameter of dl.= 1.0 centimeter and d2 = 0.8 centimeter
respectively, instead of a conductor of full cross section.

40

20

D.
di.

200cm

1,0cm
0.8cm

F
0.2 04 0.6 04 10 1.2 14 610

Fig. 1

For a coil of full cross section the temperature coefficient of induct-
ance, X', as a function of the frequency F is given by the formula (see
Appendix V)

2.5
X' = 17 +

PNrriTc

the corresponding curve is shown in Fig. 1 by an interrupted line. The
experimental results for the coil of tubular. conductor in the range of
frequency from 0.8 megacycle to 1.5 megacycles are given in the same
figure by a full line. Though we observe there a considerable numerical
difference between the results, the character of both curves is similar.

Now let us examine the influence of the self -capacitance of coil on its
temperature coefficient of inductance. It follows from the calculations
(see Appendix VI) that, at frequencies much lower than the proper
frequency of the coil, this influence is negligible, not exceeding a few
per cent. In our experiments, in the case of the largest coil at the high-
est frequency (F = 1.6 megacycles) the increase due to the self -capaci-
tance was only about fifteen per cent. As proof that the self -capacitance
does not increase considerably the temperature coefficient of induct-
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ante, experimental results were obtained with the constantan coils,
to which turns of copper and of constantan wire were added. If the
increase is caused by the effect of capacitance due to the added turns
it should be the same in both cases; the experiments however, show the
opposite.

In order to prove that the effect of eddy currents influences the
temperature coefficient of inductance, because of the change of the
"transformer effect" of the mass of winding with the change of its re-
sistivity with the temperature, an experiment was carried out which
may be regarded as the "experimentum crucis."

The reasoning was as follows: If the increase of the temperature
coefficient of inductance beyond the theoretical value X is caused by
the variation of the resistance of the winding which occurs with tem-
perature changes, then, (1) in a coil having zero temperature coefficient
of resistivity, the experimental value should be X, calculated, (2)
adding to this coil turns having a positive resistivity coefficient should
increase the temperature coefficient of inductance, (3) the adding of
turns of zero temperature coefficient of resistivity should produce no
increase. Copper has a temperature coefficient of resistivity f=4200
parts in a million per degree centigrade, as compared to j3 = 8 for con-
stantan.

The coils used for the experiment were so made that their dimen-
sions could change freely with the temperature. The simplest and most
suitable coils were "self-supporting," either owing to the stiffness of the
winding or mass -wound coils which kept their shape because their
turns were tied together at points on the periphery. Such a coil being
free of all other materials, except the enamel insulation, one can be
sure that its dimensions change freely with temperature; moreover,
the comparatively small thermal capacity of the coil allowed its tem-
perature to change quickly thus facilitating thermal measurements.

Moreover, such a coil should be free of the tensions, mentioned by
Thomas,8 which might cause the radial expansion to exceed the axial.
As a precaution against this possibility, each coil under test was pre-
liminarily heated to a temperature higher than that at which measure-
ments were made. Changes in frequency were not observed and the
measurements were always repeatable.

The temperature coefficient of inductance and its dependence upon
frequency were determined by the method of the frequency variations
of an oscillating circuit consisting of the coil under test which was
heated and of a condenser at constant temperature; the circuit was
excited by a dynatron, Fig. 2, adjusted by means of the inner grid
potential, to operate at the threshold of oscillation generation. The
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precision of adjustment was sufficient being some cycles as compared
to some hundred cycles caused by the heating of the coil. Other
experiments have shown that the same precision could be obtained by
means of the automatic control of the threshold of regeneration by us-
ing a suitable connection.'

Fig 2

The frequency variations were measured by the method of beating
with respect to the constant reference frequency by means of an audio -
frequency meter.

The coil under test was placed in an air thermostat of rarge dimen-
sions (in order to avoid the influence of its walls); the condenser and
the dynatron were outside.

The temperature coefficient of inductance was determined from the
slope of the curve "frequency variation versus temperature" as

1 1 OF
X' - 2 F At

in the range of temperatures 25 to 60 degrees centigrade.
The shape of the curves X' =f (t) was always regular and repeatable;

an example of two such curves with the measurement points is shown
in Fig. 3.
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Preliminary measurements were made at a frequency of F=1.4
megacycles for two coils: of copper and of constantan; coil diameter
was D =7 centimeters, number of turns n = 16, wire diameter d = 0.1
centimeter, the construction as described above.

7 J. Groszkowski, "Oscillators with automatic control of the threshold of
regeneration," PROC. I.R.E., vol. 22, pp. 145-151; February, (1934).
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The added turns had the form of the open circles of the same diam-
eter and thickness as the main winding. The results obtained are repre-
sented in Table I and Fig. 4, which shows the temperature coefficient

TABLE I

16 -turn coil of:
copper constantan

Added turns n
n=0 X'=
n =16 copper X' =
n =16 constantan X' =

(Xt_=17)
45
67
47

(X'-='-16)
17
28
18

of inductance versus the added turns and the influence of small
amounts of metal affixed to the coil. Table I shows that the value
X' = 45 for the copper coil alone exceeds considerably that correspond-
ing to the temperature coefficient of expansion of copper X =17, while
that for constantan is X' =17, close to X =16, owing to the fact that the
temperature coefficient of resistance of constantan is very small.

60
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*4' 4 8
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Fig. 4

The addition of the copper turns to the constantan coil increases
X' from 17 to 28, while the addition of constantan turns increases X'
only from 17 to 18. The addition of copper turns to the copper coil in-
creases X' from 45 to 67, while the addition of constantan turns
increases X' only from 45 to 47. Fig. 4 shows the increase in the tem-
perature coefficient of inductance, X', is almost proportional to the
number of added copper turns n; by extrapolating to n =0 we obtain
X=X'

In the same experiment was observed the influence of small metal
masses added to th6 coil on X': a, in Fig. 4, being a reference point for
a 16 -turn coil; b, after adding two pieces 0.3 -millimeter copper wire
some centimeters long (this wire served for joining the added turns in
two points of the coil circumference); c, after adding four such pieces.
The further points correspond to the added turns (in presence of these
four pieces).

The second series of measurements concerned the influence of fre-
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quency on the temperature coefficient of inductance of different coils
with added turns. The coils were wound closely with enameled wire of
diameter d = 0.1 centimeter; coil diameter was D L-,-8 centimeters. The
results of measurements in the range of frequency 0.8 to 1.6 megacycles
are shown in Fig. 5. Curve No. 1 corresponds to the multilayer cop-
per coil of 16 turns having an inductance of approximately 35 micro -
henrys, and a resistance of three ohms at 1.4 megacycles. X' varies
from 50 to 85.

Curve No. 2 is for a similar coil of constantan (R '.L,--11). A' lies be-
tween 20 and 25. Curve No. 3 is obtained by adding to No. 2 16 turns
of copper wire of the same diameter (R s._-_-19) which increases A' of the
constantan coil from 20-25 to 45-65. Such a coil behaves nearly as the
copper one. Curve No. 4 is obtained by adding to No. 2 16 turns of
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constantan wire of the same diameter. This made practically no
change. Curve No. 5 was obtained by adding to No. 2 16 turns of

brass wire. This increases A' to 50-70. Curve No. 6 is obtained from
No. 1 by adding 16 turns of the copper wire. The temperature coeffi-
cient of inductance increased here from 50-85 to 70-110.

The added turns, which were in all cases of the same form and
dimensions as the reference coil, were not electrically connected to it
but touched it close at the circumference, being tied with pieces of

wire; the ends of the added coil were free.
Curve No. 7 is obtained by adding to No. 1 16 turns of the copper

wire cut asunder in one -turn pieces. Here the increase of A' is slightly
smaller than in the previous case (uncut turns).

Subsequently the influence of the number of turns of the coil on
the temperature coefficient of inductance was examined and its de-
pendence on the frequency. Three series of measurements were made
with the mass coils having D =8 centimeters, c = 0.1 centimeter, and
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the number of turns n =32, 23, and 16, respectively. The diminishing
of number of turns was obtained by cutting off. The results are given
in Fig. 6. We see there that X' increases with the frequency; this
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increase being the more considerable the greater is the number of
turns. The influence of the conductor thickness d on the temperature
coefficient of inductance is shown in Fig. 7 for copper coils Nos. 11, 12,
13, and 14 (D=8 centimeters, n=16 turns) of wire diameter d= 0.05,
0.10, 0.15, and 0.30 centimeters, respectively. The effect decreases
with the increase of the thickness of conductor.
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Finally in order to prove the influence of the spacing of turns on
the temperature coefficient of inductance the relation X=f(F) was
measured for two cylindrical copper coils (D =8 centimeters, d= 0.3
centimeter, n =15) of turns spacing g= 0.3 and 0.5 centimeter, re-
spectively. The coils were "formerless"; they kept their shape owing
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to the tying of turns by the help of small pieces of thin enameled
copper wire. Practically, the temperature coefficient of inductance in the
frequency range from 0.8 to 1.5 megacycles did not depend on the fre-
quency. For the coil having g = 0.3 centimeter, X' = 24, and for one
having g = 0.5 centimeter, X' L+219.

III. CONCLUSION

Recapitulating the above considerations we can point out the
following factors influencing the temperature coefficient of inductance
of a coil which changes its dimensions with temperature in a manner
conforming to the coefficient of linear expansion of the material of coil:
First, the thermal expansion of the material of winding given by its
coefficient of linear expansion is independent of the frequency. Second,
the skin effect, causing the increase of the temperature coefficient of
inductance of coil by the value proportional to

2075'(x) .0

(x being the function of frequency F). For F beyond a certain value
the increase of the temperature coefficient of inductance due to the
skin effect is proportional to

F-i/2.

Third, the eddy currents, causing the increase of the temperature
coefficient of inductance by a value proportional to the square of
frequency. Fourth, the self -capacitance of coil which causes the increase
of the temperature coefficient of inductance by a value proportional
to the square of frequency.

Thus, the temperature coefficient of inductance as a function of
frequency is given, for a certain frequency range, by the formula

X' = X + aF-112 bF1÷2 cF2.

Relative to the value of a, b, and c we obtain a different shape of
the curve. Usually, for multilayer coils, where the eddy currents and
the distributed capacitance effects prevail over the skin effect, the curve
X' =f(F) is rising with frequency. For a one -turn coil X' can be, in a
certain range of frequency, independent of F or even can decrease
with the increase of F.

APPENDIX I

The temperature coefficient of inductance.

The temperature coefficient of inductance of a coil of inductance
L is determined by the relative variation of L which corresponds to
the temperature variation of one degree centigrade
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1
L(ALX' = (1)At )

X' can be expressed in parts in a million per degree centigrade.

APPENDIX II

The theoretical relation between the temperature coefficient of inductance
and the coefficient of linear expansion.

For an isotropic coil, that is, for a coil all dimensions of which
change with temperature according to thermal expansion of its
material, the temperature coefficient of inductance should be equal
to the coefficient of linear expansion of the material.

Of course, if we denote the coefficient of linear expansion by X, the
change of the scale of geometrical dimensions of coil with the temper-
ature will be according to the relation

/ = 4(1 Xt). (1)

The inductance of coil in cgs electromagnetic system of units is
expressed in units of length. We have the proportionality

L 1 = 10(1 Xt)

and therefore
(AL 1 (

t/ 1 ) (3)

The temperature coefficient of coils made anisotropically or being
subjected to deformations is examined in the papers of Moullin,2
Thomas,' Piddington,' Griffith' and others.

APPENDIX III
The influence of the tube.

We assume that the coil under test and the condenser of a con-
stant capacitance form an oscillating circuit excited by a dynatron tube
(Fig. 2). The resistance of the capacitive branch we put equal zero,
the coil resistance is R. If the oscillating system is always adjusted
at the threshold of the regeneration, the frequency is giveni° by the
formula

J. H. Piddington, "A temperature compensated dynatron oscillator of high
frequency stability," Paper No. 516. The Sydney Division of the Institution, or
Proc. Inst. Eng. Australia, vol. 7, pp. 53-61; February, (1935).

9 W. H. F. Griffith, "Inductances of high permanence," Wireless Engineer
and Engineering Wireless, vol. 6, pp. 543-549; October, (1929).

" J. Groszkowski, "The interdependence of frequency variation and har-
monic content and the problem of constant frequency oscillators," PROC. I.R.E.,
vol. 21, pp. 958-981; July, (1933).
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w2 = (1
LC

1 R2C 1 R2

L - LC L2

L and R change with temperature; if the system is always kept at
the threshold, the frequency drift due to these temperature variations
is

(1)

dw 1 dL CR2 dR CR2 dL
0.) 2 L L R L L

(2)

Equation (2) is obtained by differentiating (1).
The dependence of R and L on the temperature we can express

by the formulas
R = R0(1 + #t) (3)

L = L0(1 ± At) (4)

where 13 is the thermal coefficient of resistivity of the coil winding; X,
the coefficient of the linear expansion of the winding material.

From (3) and (4) we have

dR

=
R00 = Ri3 (5)

dt

dL
= L0X = LX. (6)

dt

The frequency variation due to the temperature variation, therefore,
will be

cko 2R\R
dt 2 r r

r denotes here the dynamic resistance of the oscillating circuit

L co2L2r= =
RC R

(7)

(8)

Usually for the oscillating systems met in practice 2R<<r; therefore
(7) can be written as

1 dco 1 R- -= - -X - -
w dt 2 r

Denoting the power factor of the circuit

R
p =

coL
we transform (9) to the form

(9)
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1

dt

co 1 1- -= -
2
- (X + 2p213) = -

2
.X(1 (10)

co

For copper X = 17, 13=4200 parts in a million per degree centigrade,
13/X = 250. With regard to p, it changes within large limits, according
to the frequency range. For instance, for a frequency of one mega-
cycle, p is of the order from several thousandths to several hundredths.
Thus, the expression 2p213/X is of the order from several hundredths
to several tenths.

APPENDIX IV

The temperature coefficient of inductance of a transformer with short-cir-
cuited secondary.

The inductance L of the primary of an air -core transformer, in
consequence of the reaction of the secondary (of inductance N and
resistance S) which is coupled to the primary by the mutual induct-
ance M, diminishes by the value

2M2

$2 + w2N2

and is given by the formula
to2m2

L' = L N.$2 + w2N2

In the case co2N2<<S2 (2) becomes

L' = L N.$2

(1)

(2)

(3)

Assuming that the changes of L, M, N, and S with temperature occur
according to the formulas

L = Lo (1 + Xt)

M = M0(1 Xt)

N = No (1 + Xt)

S = So (1 + I3t)

(4)

(X = the coefficient of linear expansion, /3= the temperature coefficient
of resistivity) we obtain the temperature coefficient of inductance

1 dL wm2 N
A

L' dt 52 (3X 213).
(5)
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w2m2 N

82 L
<< 1,

and for copper ,6»A, (5) can be written

L

2

13. (6)

Assuming 1 I N, and L as independent of the frequency, and S varying
proportionally to the square'root of frequency

S (7)

(6) can be represented as
X +

The more probable form of (8) is

X' = X + Iccei3nt

where m lies between 1 and 2.

(8)

APPENDIX V

The temperature coefficient of inductance of a single turn coil.

The inductance (in cgs electromagnetic units) of a circular ring of
the diameter D centimeter, of the circular cross section d centimeter,
made of nonmagnetic material of resistivity p at the frequency F is given
by the formulae

where,

8D
L = 27rD [log. -2 + (1)

d
8 = O(x), x = 0.14d

F
< 0.2). (2)

The curve S = 0(x) shown in Fig. 8 is obtained from the table on
p. 282 of reference (11).

The formula (1) can be written in the form

L = 2.7rD log.
1.1D (x) 1

d [1 + 1.1D j 
log.

d

11 Bureau of Standards, Radio Instruments and Measurements, Circular
no. 74, p. 250, (1924).

(3)
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We find the temperature coefficient of inductance by differentiating
(3) as

1 dL xcb' (x) 1
X' = = X + (X )3)L dt 1.1D 2

log,
d

and assuming the following relations concerning the temperature

D = Do (1 + At)
d = d 0(1 Xt)

P = Po(1 + at).

0.25

0.20

0.15

0.10

0.05

0 2 4

Fig. 8
6 8

(4)

(5)

The form of the function xc5'(x) is given in Fig. 8. It is seen that this
function has the maximum

[xe(x)]. = - 0.16
for

x 5.

For x >3 we can admit, with sufficient approximation,

0.7
3 =

X

Or
0 . 7

ci5'(x) = -

(6)

(7)

(8)
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For a conductor of circular cross section in the range x >3 becomes

5 1
X' = X +

1.1D (
2

# - X). (9)

d log.
p

For copper X =17, 13=4300, (X<<13), p= 1.7 microhms per centimeter,
therefore (9) will be

X' = 17 +
5 . 9

1.11j
d\/FMC logio

The temperature coefficient of inductance, according to (6), becomes
a maximum

(10)

145
X' = 17 + (11)

1.1D
logio

d

for the frequency F =2500/d2. For example for a single turn coil of
D =10 centimeters, d= 0.1 centimeter (logo (1.1D/1 0d) =2.04) this
maximum is X' =17+70 = 87, at the frequency F =250 kilocycles.
At F =1 megacycle, X' = 17+29 =46. For a coil of D = 200 centimeters,
d =1 centimeter (at F >2500 cycles) we have

X' = 17 +
2 . 5

(12).

\/Fme

APPENDIX VI

The influence of the self -capacitance on the temperature coefficient of in-
ductance.

The natural frequency of a circuit consisting of a coil L with the
self -capacitance K and of a condenser C is given by

=
1

(1)
\/CL(1 + K/C)

We can assume that the self -capacitance K changes the inductance of
coil to the value

L' = L(1 ±

The temperature coefficient of inductance will be, therefore,

(2).
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1 di/ 1 dr, 1 dK
L' dt L dt ci dt

C )

(3)

If we assume that in the case of an isotropic coil K changes with tem-
perature according to the formula

K = Ko(1 + At) (4)

(5)

(6)

we obtain (2) as

X' = X(1 + K ll

K C

or, replacing (K+C) by 1/w2L

A' = X(1 + KLw2).

When K = 0, we have A' = X. When K> 0 at co = 0, A' = A; when w
increases, A' increases also to the value 2A (for C=0). For instance, for
a formerless mass -wound coil (D =8 centimeters, n = 32 turns, Ln160
microhenrys) putting K=10 micromicrofarads, we obtain at F =1.5
megacycles, (C=60 micromicrofarads), X' = X(1 -1- 0.14) ; thus, the in-
fluence of K is fourteen per cent here.

+-..vo>-e-<a--,*
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THE PRODUCTION OF ROCHELLE SALT PIEZOELECTRIC
RESONATORS HAVING A PURE LONGITUDINAL

MODE OF VIBRATION*

BY
NORMAN C. STAMFORD

(College of Technology, Victoria University of Manchester, England)

Summary-The correct orientation of specimens cut from Rochelle salt
crystals for use as piezoelectric resonators having a pure longitudinal mode of vibra-
tion is developed from V oigt's theory of piezoelectricity, and the frequency of reso-
nance of these specimens is derived from the constants of the material. Some practical
details are given regarding the growing of the crystals and grinding of the specimens.

THE FACT that Rochelle salt specimens are comparatively easy
to prepare, and have a high piezoelectric constant, renders them
more convenient than quartz for certain work, in spite of their

very inferior mechanical properties. For this reason a paper dealing
with the production of such specimens may be considered justified.

The theoretical determination of the correct orientation of the
specimens for pure longitudinal vibration is based on the general theory
of piezoelectricity developed by Voigt and dealt with fully in his text-
book on crystal physics.'

The requirements for the type of resonator specimen to be con-
sidered are, that the application of an electric field to the specimen
shall produce longitudinal extension or contraction along. its length,
and a corresponding contraction or extension along one of the other
rectangular axes of the specimen, there being freedom from any shear
strains.

If a set of rectangular axes coincident with the crystallographic
axes are designated by the letters OX, 0 Y, and OZ, and an electric
field having components E1, E2, E3 parallel to these axes is applied to
the crystal, then the resulting strains can be represented by the fol-
lowing set of equations:

X. = d11E1 + d21E2 + 41E3
Y, = cl12E3. + d22E2 + 42E3

Z. = d13E1 + d23E2 + d33E3
(1)

Y. = d14E1 d24E2 T d34E3

Zy = d15E1 d25E2 d35E3

Xy = dm -El d25E2 d36E3
* Decimal classification: 537.65. Original manuscript received by the

Institute, November 20, 1936.
W. Voigt, "Lehrbuch der Kristallphysik."
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In these equations the terms Xx, Zx represent longitudinal
strains and the terms Yx, Z, X, represent shear strains; the moduli
du.  d36 are referred to the OX, OY, and OZ axes.

If now a specimen having arbitrary axes OX,' OY,' OZ' is con-
sidered, having an electric field with components E1', E2', E3' parallel
to these axes applied to it, then the resulting strains referred to these
arbitrary axes can be represented by a similar set of equations.

Xx' = dn'El' T (121'E2' d31'E3'
(2)

X, ' = IE1 d26 /E2 d36'E3'.

In this second set of equations we have another set of moduli,
referred to the arbitrary axes, which can be expressed in terms of those
referred to the original axes and the direction cosines of the angles
between the two sets of axes.

The following scheme gives the direction cosines between the two
systems for the general case:

X' 17' Z'
X al 01 71

(3)
Y ce2 /32

013 /33 73

the cosine of the angle between X and Y' being 131, and that between
Z and X' being a3, etc:

For crystals of the rhombic hemihedral class to which Rochelle
salt belongs, the expressions connecting the two sets of moduli are
considerably simplified since with the exception of d14, d25, and d36 all
the moduli referred to the original axes are zero.

Thus for crystals of this class the moduli referred to the arbitrary
axes, in terms of those referred to the original axes and the direction
cosines become

du (d3.4 d25 -4- d36) (aia2a3)

3d12' = (d3.4 -1- d25 d35) (a3.0203 a20103 a30102)

(d25 - d36)0171 + (d36 - d14)$272 (d14 - d25)0373

(4)
3d36' = (d,4 T d25 d36){"Y1(a203 a302) 72(a103 001)

73(a1(32 a2/31)

(d25 - d35) (2012 + 712) + (d36 - d14) (2022 + 722)
(d14 - d25) (2/332 732)
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Having obtained these values, it is possible to write down equations
corresponding to (2) in terms of d14, d25, and d36, but these equations
are too cumbersome to derive any information regarding the orienta-
tion of the axes to make the shear strain terms equal to zero. A fur-
ther simplification is therefore made by taking one of the arbitrary
axes coincident with one of the original axes, and considering this
special case.

The scheme for the direction cosines corresponding to the general
case given in (3), for the special case where the arbitrary axis OX' is
made coincident with the original axis OX, and the OY' and OZ' axes
make an angle / with OY and OZ respectively, can be written in the
following form, where c= COSO and 8 =sinO:

X' Y' Z'
X 1 0 0

Y 0 c -s
Z 0 s c

Inserting the values of d11'  d'36 in terms of d14, d 5j d36 in the
general equations given in (2) we get

X.' =
Y' = csdi4E1'

Zz' = - csd14-E1'
y = (az 82)di4L' 1f

Zz' =
X,/ =

(c2d26 - 82d36)E2' - CS (C125 - d36)E3

+ CS (d25 d36)E2' [ (C2d36 - 2d25) ES I I

(5)

Considering these equations, the shear strains represented by Z;
and X,/ can be made zero by the application of the field parallel to
the OX' axis; the remaining shear strain Y.' can be made zero by
making cb = 45 degrees.

This leaves the longitudinal strain Y,/ along the OY' axis and the
corresponding negative strain Z.' along the OZ' axis; both of these
strains representing transverse effect. Since the strain X; is zero, it
is seen that there is no longitudinal effect in specimens having this
orientation. Similar sets of equations could be obtained for the other
two cases in which the other arbitrary axes are in turn coincident with
the corresponding crystallographic axis.

In general then it may be stated that pure longitudinal vibration
can be obtained with specimens having one axis coincident with the



468 Stamford: Rochelle Salt Piezoelectric Resonators

crystallographic axis and the other two at forty five degrees to the
crystallographic axes, the field being applied parallel to the coincident
axis.

Considering the three types of specimen having the OX', 0 Y', and
OZ' axes respectively coincident with the corresponding crystallo-
graphic axis, and calling the types I, II, and III; values for the theo-
retical resonant frequency for each of these types can be determined.
In the case of type I, the specimen should be in the form of a thin rod
having its length in a plane normal to the OX' axis, and along a line
at forty-five degrees to the OY and OZ axes, being along the direction
of the arbitrary OY' axis.

Then the fundamental mode of vibration along its length 1 will
correspond to a stationary wave system where / =X/2 when the speci-
men responds to an applied voltage of its natural frequency; the
velocity of propagation will be given by

v = -VE/D (6)
where,

v = velocity of propagation
E =Young's modulus in the direction of propagation
D = density of the crystal (1.790).

Then from the relationship Xf =v, the resonant frequency of the
specimen can be obtained from

1 E

f 2117 D (7)

Since the crystal is not isotropic, it is necessary to calculate the
value of Young's modulus E in the appropriate direction for each
specimen. These values have been obtained from the values of the
elastic constants of Rochelle salt given by Mandell,' giving the follow-
ing results for the three types of specimen:

Type I E = 25.87 X 10" dynes/cm'.
Type II B = 11.85 X 1010 dynes/cm".
Type III E = 27.93 X 1010 dynes/cm'.

Inserting these values in (7) we obtain the following values for the
resonant frequencies:

1900
Type I f = kc.

2 W. Mandell, "The determination of the elastic moduli of the piezo crystal
Rochelle salt by statical method," Proc. Roy. Soc., vol. 116, p. 623, (1927).



Stamford: Rochelle Salt Piezoelectric Resonators 469

1286
Type II f = kc

1975
Type III f - kc.

In each case the length of the specimen is measured in millimeters.
These results are only applicable strictly when the length of the

specimen is large compared with its other dimensions; there will how-
ever be a second resonant frequency due to stationary waves across
the breadth of the specimen at right angles to the direction of applica-
tion of the field,. and this may be calculated approximately by inserting
the value of this dimension instead of the length in the resonant fre-
quency expression for the type considered, using the same value of
constant as for the case of mechanical resonance along the length of
the specimen.

A point of importance arises from the fact that there is no longi-
tudinal effect in the types of specimen considered. Since .there is no
dilatation along the direction of the applied field, contact with the
holder does not increase the damping of the crystal as much as in the
case of quartz specimens having longitudinal effect; furthermore the
use of an air gap does not introduce the possibility of increased damp-
ing due to resonance of the supersonic air waves set up in the gap of
the type described by Dye for the case of quartz specimens.

SOME PRACTICAL DETAILS

A method of growing Rochelle salt crystals has been given in some
detail by Nicolson,3 but crystals.of this type having a composite struc-
ture are not suitable for the production of resonator specimens.

The method adopted was to grow small seed crystals as described
by Nicolson, and to use them for growing large specimens in the follow-
ing manner.

One of these small crystals was used to seed a saturated solution of
the salt, which was evaporated at constant temperature in a vacuum
desiccator under reduced pressure until the crystal had grown to the
required size. By this method crystals were grown slowly and de-
veloped without flaws or stress lines to a length of about forty milli-
meters, which was found to be a convenient size. A point of very great
importance was found to be that the solution must be very carefully
filtered before seeding; for this purpose a sintered glass crucible was

8 A. MeL. Nicolson, "The piezo electric effect in the composite Rochelle
Salt crystal." Trans. A.I.E.E., vol. 38, p. 1467, (1919).
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used, with the result that the very fine cracks, which had been noticed
with ordinary paper filtering, were no longer produced.

Fig. 1.

Fig. 2.

Fig. 3-Crystal specimen grown with suppressed b axis.

It is not necessary to have crystals equally developed along all
three axes, and it was found that the best results were obtained by
using seeds having either the a or b axis suppressed. These types are
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shown in Figs. 1 and 2, the latter, in which the b axis is vertical, in-
dicating how a specimen of type II is obtained from a crystal of this
habit.

The specimen was cut to a size somewhat larger than was finally
required by means of a specially prepared miter block, using a mois-
tened string as the saw. The specimen was then roughly ground to size
on a ground -glass lap, using fine pumice powder and turpentine, the
final grinding being carried out on a ground -glass lap with methylated
spirit as a lubricant and no abrasive powder. The specimens were
finally washed in methylated spirit to remove the powdered material
produced by grinding. In this connection it should be mentioned that
a specimen should not be washed in cold spirit immediately after
grinding, as it will be very liable to crack due to the change of tem-
perature.

+.--wii)>4-Callo--+
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FREQUENCY MODULATION NOISE CHARACTERISTICS --

BY

MURRAY G. CROSBY
(RCA Communications, Inc., Riverhead, L. I., New York)

Summary.-Theory and experimental data are given which show the improve-
ments in signal -noise ratio effected by frequency modulation over amplitude modula-
tion. It is shown that above a certain carrier -noise ratio in the frequency modulation
receiver which is called the "improvement threshold," the frequency modulation signal -
noise ratio is greater than the amplitude modulation signal -noise ratio by a factor
equal to the product of a constant and the deviation ratio (the deviation ratio is equal
to the ratio between the maximum frequency deviation and the audio modulation
band width). The constant depends upon the type of noise, being slightly greater for
impulse than for fluctuation noise. In frequency modulation systems with high
deviation ratios, a higher carrier level is required to reach the improvement threshold
than is required in systems with low deviation ratios; this carrier level is higher for
impulse than for fluctuation noise. At carrier -noise ratios below the improvement
threshold, the peak signal -noise ratio characteristics of the frequency modulation
receiver are approximately the same as those of the amplitude modulation receiver,
but the energy content of the frequency modulation noise is reduced.

An effect which is called "frequency limiting" is pointed out in which the peak
. value of the noise is limited to a value not greater than the peak value of the signal.

With impulse noise this phenomenon effects a noise suppression in a manner similar
to that in the recent circuits for reducing impulse noise which is stronger than the
carrier in amplitude modulation reception.

When the power gain obtainable in certain types of transmitters by the use of
frequency modulation is taken into account, the frequency modulation improvement
factors are increased and the improvement threshold is lowered with respect to the
carrier -noise ratio existing in a reference amplitude modulation system.

INTRODUCTION

N A previously published paper,' the propagation characteristics
of frequency modulation were considered. Prior to, and during
these propagation tests, signal -noise ratio improvements effected

by frequency modulation were observed. These observations were
made at an early stage of the development work and were investigated
by experimental and th6oretical methods.

It is the purpose of this paper to consider that phase of the fre-
quency modulation development work by RCA Communications,

* Decimal classification: R148 X R270. Original manuscript received by the
Institute, November 23, 1936. Presented as part of a paper on "Propagation and
characteristics of frequency modulated waves," before New York meeting,
January 8, 1936. Revised and presented in full before Chicago Section, Septem-
ber 11, 1936.

1 Murray G. Crosby, "Frequency modulation propagation characteristics,"
PROC. I.R.E., vol. 24, pp. 898-913; June, (1936).
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Inc., in which the signal -noise characteristics of frequency modulation
are studied. The theory and experimental work consider the known
systems of frequency modulation including that independently devel-
oped by E. H. Armstrong.2

TABLE OF SYMBOLS

C = carrier peak voltage.
C/N =theory: Ratio between peak voltage of carrier and instan-

taneous peak voltage of the noise in the frequency modula-
tion receiver. Experiment: Ratio between peak voltage of
carrier and maximum instantaneous peak voltage of the
noise.

C/n = ratio between the peak voltage of the carrier and the peak
voltage of the noise component.

Ca/Na= carrier -noise ratio in the amplitude modulation receiver.
Fa=maximum audio frequency of modulation band.
Fc= carrier frequency.
Fd=peak frequency deviation due to applied modulation.

Fan = peak frequency deviation of the noise.
F1= intermediate -frequency channel width.
Fm = modulation frequency.
F= frequency of noise resultant or component.

FalFa=deviation ratio.
K= slope filter conversion efficiency.
M =modulation factor of the amplitude modulated carrier.

Mf =modulation factor at the output of the sloping filter.
Mf =modulation factor at the output of the sloping filter when

noise modulates the carrier.
N= instantaneous peak voltage of the noise.
n = peak voltage of the noise component.

Na= noise peak or root -mean -square voltage at amplitude modu-
lation receiver output.

Nf = noise peak or root -mean -square voltage at frequency modu-
lation receiver output.

p =2T-Fni.
Sa=signal peak or root -mean -square voltage at amplitude mod-

ulation receiver output.
Sf=signal peak or root -mean -square voltage at frequency mod-

ulation receiver ouput.
=27rFc.

2 Edwin H. Armstrong, "A method of reducing disturbances in radio signal-
ing by a system of frequency modulation," PROC. I.R.E., vol. 24, pp. 689-740;
May, (1936).
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wn=2.2rFn.
con.= (w- wn) =27(F c- F =

Z = C/n+n/C.
OW =phase variation of noise resultant as a function of time.

THEORY

In the following analysis, frequency modulation is studied by com-
paring it with the familiar system of amplitude modulation. In order
to do this, the characteristics of frequency modulation reception are
analyzed so as to make possible the calculation of the signal -noise ratio
improvement effected by frequency modulation over amplitude modu-
lation at various carrier -noise ratios.3 The amplitude modulation stand-
ard of comparison consists of a double side -band system having the
same audio modulation band as the frequency modulation system and
producing the same carrier at the receiver. Differences in transmitter
power gain due to frequency modulation are then considered separately.
The frequency modulation reception process is analyzed by first con-
sidering the components of the receiver and the manner in which they
convert the frequency modulated signal and noise spectrum into an
output signal -noise ratio.

The Frequency Modulation Receiver

The customary circuit arrangement used for the reception of
frequency modulation is shown in the block diagram of Fig. 1. The
intermediate -frequency output of a superheterodyne receiver is fed 
through a limiter to a slope filter or conversion circuit which converts

RFAMP.

HET. DEC

B -P I -F

AMR
LIMITER

SLOPE

FILTER
DET.

A -F

AMP.

Fig. 1-Block diagram of a frequency modulation receiver.

the frequency modulation into amplitude modulation. This amplitude
modulation is then detected in the conventional amplitude modulation
manner. The audio -frequency amplifier is designed to amplify only
the modulation frequencies; hence it acts as a low-pass filter which
rejects noise frequencies higher than the maximum modulation fre-
quency.

3 Throughout this paper, carrier -noise ratio will refer to the ratio measured
at the output of the intermediate -frequency channel. Signal -noise ratio will refer
to that measured at the output of the receiver and will depend upon the depth
of modulation as well as upon the carrier strength.
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The purpose of the limiter is to remove unwanted amplitude modu-
lation so that only the frequency modulation component of the signal
will be received. It may take the form of an overloaded amplifier tube
whose output cannot rise above a certain level regardless of the input.
Care must also be exercised to insure that the output of the overloaded
amplifier does not fall off as the input is increased since this would
introduce amplitude modulation of reverse phase, but of equally un-
desirable character.

The main requirement of the conversion circuit for converting the
frequency modulation into amplitude modulation is that it slope lin-
early from a low value of output at one side of the intermediate -fre-
quency channel to a high value at the other side of the channel. To do
this, an off -tuned resonant circuit or a portion of the characteristic of

FFCHANNEL

D

C3 A

cc

5
FREQUENCY -*

Fig. 2-Ideal sloping filter characteristics.

one of the many forms of wave filters may be utilized. The ideal slope
filter would be one which gave zero output at one side of the channel,
an output of one voltage unit at carrier frequency, and an output of
two units at the other side of the channel. Such a characteristic is
given by the curve JOC of Fig. 2. From this curve it is easily seen that
if the frequency is swung between the limits Fo and F1, about the mean
frequency F0, the output of the filter will have an amplitude modula-
tion factor of unity. The modulation factor for a frequency deviation,
Fa, will be given by

Fd Fd 2Fd

(F1 - Fc) (F. - F0)
(1)

where Fi=intermediate-frequency channel width.
When the converting filter departs from the ideal characteristic in

the manner of the filter of curve HGOE of Fig. 2, the modulation factor
produced by a given frequency deviation is reduced by a factor equal
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to the ratio between the distances AG and AJ or BE and BC. A con-
venient term for this reduction factor of the filter is "conversion ef-
ficiency" of the filter. Taking into account this conversion efficiency,
the modulation factor for a frequency deviation Fd becomes

2KF d
Mf =

F
where K = AG/AJ = BE/BC = conversion efficiency of the filter.

A low conversion efficiency may be used as long as the degree of
limiting is high enough to reduce the amplitude modulation well below
the level of the converted frequency modulation. This is true since
lowering the conversion efficiency reduces the output of the noise in
the same proportion as the signal as long as no amplitude modulation
is present. Hence the signal -noise ratio is unimpaired and the only ef-
fect is a reduction of the audio gain by the factor K. If insufficient
limiting is applied so that the output of the limiter contains appreci-
able amplitude modulation, a filter with a high conversion efficiency is
desirable so that the amplitude modulation noise will not become com-
parable to the frequency modulation noise and thereby increase the
resultant noise.

A push-pull, or "back-to-back" receiver may be arranged by pro-
viding two filters of opposite slope and separately detecting and com-
bining the detected outputs in push-pull so as to combine the audio
outputs in phase. Another slope filter having a characteristic as shown
by the dot -dash line DOP in Fig. 2 would then be required.

A further type of receiver in which amplitude modulation is also
balanced out may be arranged by making one of the slope filter circuits
of the above -mentioned back-to-back type of receiver a fiat -top circuit
for the detection of amplitude modulation only. The sloping filter
channel then detects both frequency and amplitude modulation; the
flat -top channel detects only amplitude modulation. When these two
detected outputs are combined in push-pull, the amplitude modulation
is balanced out and the frequency- modulation is received. This type
of detection, as well as that in which opposite slope filters are used, has
the limitation that the balance is partially destroyed as modulation is
applied. However, if a limiter is used, the amplitude modulation is
sufficiently reduced before the energy reaches the slope filters; conse-
quently, for purposes of removing amplitude modulation, the balancing
feature is not a necessity.

(2)

Noise Spectrum Analysis

The first step in the procedure to be followed here in determining
the noise characteristics of the frequency modulation receiver will be
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to determine mathematically the fidelity with which the noise is trans-
mitted from the radio -frequency branch, in which it originates, to the
measuring instrument as a function of frequency. To do this, the waves
present at the receiver input will be assumed to be the frequency
modulated carrier and the spectrum of noise voltages. This wave and

,spectrum will be combined into a single resultant whose amplitude and
phase are functions of the constants of the component waves. The
resultant will then be "mathematically" passed through the limiter to
remove the amplitude modulation. From a determination of the in-
stantaneous frequency of the resultant, the peak frequency deviation
effected by the noise will be found. A single noise component of arbi-
trary frequency will then be substituted for the resultant of the noise
spectrum, and the modulation factor at the output of the converting
filter will be obtained. This noise component will then be varied in
frequency to determine the over-all transmission of the receiver in
terms of the modulation factor at the sloping filter output. The area
under the curve representing the square of this over-all transmission
will then be determined. By comparing this area with the corresponding
area for an amplitude modulation receiver under equivalent conditions,
and taking into consideration the pass band of the intermediate- and
audio -frequency cliannels, a comparison will be obtained between the
average noise powers, or the average root -mean -square noise voltages
from the two receivers.'

The peak voltage characteristics of the two receivers will be com-
pared for fluctuation noise by a correlation of known crest factors with
the root -mean -square characteristics. (Crest factor =ratio between
the peak and root -mean -square voltages.) The peak voltage charac-
teristics of impulse noise will be determined by a separate considera-
tion of the effect of the frequency modulation over-all transmissions
upon the peak voltage of this type of noise.

After a comparison between the noise output voltages from the
frequency and amplitude modulation receivers has been obtained, the
respective signal output voltages will be taken into consideration so
that the improvement in signal -noise ratio may be determined.

In the process of determining the over-all transmission of the noise,
the frequency modulated wave may be expressed by

e8 = C sin { cot -I- (Fd/Fm) cos pt } (3)

4 Stuart Ballantine, "Fluctuation noise in radio receivers," PROC. I.R.E.,
vol. 18, pp. 1377-1387; August, (1930). In this paper, Ballantine shows that the
average value of the square of the noise voltage " . . . is proportional to the area
under the curve representing the square of the over-all transimpedance (or of the
transmission) from the radio -frequency branch in which the disturbance origi-
nates to the measuring instrument as a function of frequency . . . . "
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where C = carrier peak voltage, co = 27F F c= carrier frequency,
F a= applied frequency deviation, p =27rF., and Fm = modulation
frequency. The noise spectrum may be expressed by its resultant,'

en = N sin (coat + (4)

where N = instantaneous peak voltage of the noise (a function of time).
OW takes into account the fact that the noise resultant is phase modu-
lated, as would be the case with the resultant of a spectrum of many
noise voltages. con =27rFn, Pin= frequency of the noise resultant.

The signal voltage given by (3) and the noise voltage given by (4)
may be combined by vector addition to give

e= VC2 ± N2 + 2C N cos { (a) -con)t-c5(t)+-2-F cos pt}
F.

F.

sin { F.
. (5)

(w-con)t-¢(t)+- cos pt}

[
F d

F d
sin cad-- cos ptd-tan-tan

-C-+ cos {(co-con)t - -F a cos pt}
Fin

When the resultant wave given by (5) is passed through the limiter
in the frequency modulation receiver, the amplitude modulation is
removed. Hence the amplitude term is reduced to a constant and the
only part of consequence is the phase angle of the wave. The rate of
change of this phase angle, or its first derivative, is the instantaneous
frequency of the wave. Taking the first derivative and dividing by 27
to change from radians per second to cycles per second gives

F a
d

sin {connt- cp(t)-1--Fd cos pt}
F.

1

cot ±- - cos pt+tan-iF.[
C a

--I-COS {Wnat -4)(0+ - COSF.
tP}1

dt
X

27

=f =Fd-Fd sin pt
(Fna

1 d (0
Fd sin pt)

2r dt

C F d

N
-+ COS {Wnat- OW+ - COS pt}

+1
N F d

+ COS what (13,t)+-n COS pt}
C F

5 John R. Carson, "The reduction of atmospheric disturbances," PROC.
I.R.E., vol. 16, pp. 967-975; July, (1928).

(6)
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in which CO n a = - n) = 27-(Fc-F0= an-Fna.
Equation (6) gives the instantaneous frequency of the resultant

wave consisting of the signal wave and the noise resultant voltage.
From this equation the signal and noise frequency deviations may be
obtained. In order to determine the over-all transmission with respect
to the various components in the noise spectrum, a single component
of noise, with constant amplitude and variable frequency, will be
substituted for the resultant noise voltage given by (4). This makes
N equal to n, which is not a function of time, and 4(t) equal to zero.
Making these changes in (6) gives

f = Fc - Fd sin pt
(Fna, - Pd sin pt)

+ cos {w ,t -P d
cos pt}

F.
+1

Fd- cos {c ',flat cos pt}

(7)

The equations for the instantaneous frequency, given by (6) and
(7), show the manner in which the noise combines with the incoming
carrier to produce a frequency modulation of the carrier. From these
equations the frequency deviations of the noise may be determined,
and from the frequency deviations the modulation factor at the out-
put of the sloping filter may be found. Hence the over-all transmission
may be obtained in terms of the modulation factor at the output of the
sloping filter for a given carrier -noise ratio. When the carrier -noise
ratio is high, (6) and (7) simplify so that calculations are fairly easy.
When the carrier -noise ratio is low, the equations become involved to
a degree which discourages quantitative calculations.

High Carrier -Noise Ratios

When C In is large compared to unity, and the applied modulation
on the frequency modulated wave is reduced to zero (F5=0), (7) re-
duces to

n2f = F, - F.- F. cos conj.
C2 C

(8)

From (8) the effective peak frequency deviation of a single noise
component of the spectrum is

Fd. =
nF

C C

But, since n/C is negligible compared to unity,

(9)
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nFa
Fan =C (10)

When this value of frequency deviation is substituted in (1) to find
the modulation factor' of the energy at the output of the sloping filter,
the following results:

n 2Fn.
Min = X

C F

Equation (11) shows that the modulation factor of the noise is in-
versely proportional to the carrier -noise ratio and directly proportional
to the ratio between the noise audio frequency and one half the inter-
mediate -frequency channel width. When this equation is plotted with
the noise audio frequency, Fn, as a variable and the modulation factor
as the ordinate, the audio spectrum obtained for the detector output is
like that of the triangular spectrum OBA in Fig. 3. Such a spectrum
would be produced by varying I' n through the range between the upper
and lower cutoff frequencies of the intermediate -frequency channel.
The noise amplitude would be greatest at a noise audio frequency equal
to one half the intermediate -frequency channel width. At this noise
audio frequency, the ratio 2 Fna/Fi is equal to unity and the modula-
tion factor becomes equal to n/C. If the detector output is passed
through an audio system having a cutoff frequency Fa, the maximum
frequency of the audio channel governs the maximum amplitude of
the spectrum. The maximum amplitude of the detector output is there-
fore reduced by the ratio Fi/2 :Fa. This can be seen by a comparison
of the spectrum OBA for the detector output and the spectrum ODII
for the audio channel output.

When the amplitude modulation reception process is analyzed with
a carrier and noise spectrum present at the receiver input, the modula-
tion factor of the energy fed to the detector is found to be equal to the
reciprocal of the carrier -noise ratio for all of the noise frequencies in
the spectrum. That is to say, the receiver transmission for amplitude
modulation will be constant for all of the frequencies in the spectrum.
Normally the upper cutoff frequency of the audio amplifier is equal to
one half the intermediate -frequency channel width (F a= Fi/2). Con-
sequently the audio spectrum of the amplitude modulated noise fed to

6 The ideal filter is used in this case since the use of a filter with a low con-
version efficiency would merely require the addition of audio gain to put the
frequency modulation receiver on an equivalent basis with the amplitude modu-
lation receiver. The audio gain necessary would be equal to the reciprocal of the
conversion efficiency of the sloping filter.
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the detector will be the same as that at the receiver output and will
be as portrayed by the rectangle OCEH.

The spectra of Fig. 3 show the manner in which the frequency mod-
ulation receiver produces a greater signal -noise ratio than the ampli-
tude modulation receiver. The noise at the output of the detector of
the frequency modulation receiver consists of frequencies which extend
out to an audio frequency equal to one half the intermediate -frequency
channel width, and the amplitudes of these components are propor-
tional to their audio frequency. Hence in passing through the audio
channel the noise is reduced not only in range of frequencies, but also
in amplitude. On the other hand, the components of the signal wave
are properly disposed to produce detected signal frequencies which
fit into the audio channel. In the case of the amplitude modulation
receiver, the amplitude of the components at the output of the audio

C

O

0

C E a

F

A

FL

2

Fig. 3-Amplitude and frequency modulation receiver noise spectra. OBA =
frequency modulation detector output. ODH =frequency modulation re-
ceiver output. OCEH =amplitude modulation receiver output.

H

channel is the same as that at the output of the detector since the spec-
trum is rectangular. Thus the frequency modulation signal -noise ratio
is greater than the amplitude modulation signal -noise ratio by a factor
which depends upon the relative magnitudes of the spectra OCEH
and ODH. The magnitudes which are of concern are the root -mean -
square and peak values of the voltage due to the spectra.

Root -Mean -Square Noise Considerations

The average noise power or average root -mean -square voltage ratio
between the rectangular amplitude modulation spectrum OCEH and
the trangular frequency modulation spectrum ODH, of Fig. 3, may be
found by a comparison of the squared -ordinate areas of the two spec-
tra. Thus,

Wa area OCEH (ordinates)2

Wf area ODH (ordinates)
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CI\

C ) Fi \2=3(-) (12)
f0F0 2FFinayd 2Fai

C

where Wa/Wf is the ratio between the amplitude modulation average
noise power and the frequency modulation average noise power at the
receiver outputs. The root -mean-square noise voltage ratio will be

Na Wa F(r -m -s fluctuation) = -, = V3
VYNf 2Fa

(13)

Equation (13) gives the root-mean -square noise voltage ratio for
equal carriers applied to the two receivers. The modulation factor of
the frequency modulated signal due to the applied frequency devia-
tion, Fd, is, from (3), equal to 2F a/Fi. The modulation factor of the
amplitude modulated signal may be designated by M and has a maxi-
mum value of 1.0. Thus the ratio between the two signals will be given
by

sa Fa F
S

(peak or r -m -s values) =
2Fd 2Fd

(for M = 1.0). (14)f

Dividing (13) by (14), to find the ratio between the signal -noise ratios
at the outputs of the two receivers, gives

Sf/Ni Fd
(r -m -s values) = -0 -.(15)Sa/Na Fa

It is apparent that the ratio between the frequency deviation and
the audio channel, Fa/Fa, is an important factor in determining the
signal -noise ratio gain effected by frequency modulation. A convenient
term for this ratio is the "deviation ratio" and it will be designated as
such hereinafter.

Equation (15) gives the factor by which the amplitude modulation
root -mean -square signal -noise ratio is multiplied in order to find the
equivalent frequency modulation signal -noise ratio. Since this factor is
used so frequently hereinafter, it will be designated by the word "im-
provement." The improvement given by (15) has been developed
under the assumption of zero applied frequency deviation (no modula-
tion) and a carrier which is strong compared to the noise. However, as
will be shown later, as long as the carrier is strong compared to the
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noise, this equation also holds true for the case where modulation is
present.

Peak Noise Considerations
In the ultimate application of signal -noise ratios, peak voltages are

of prime importance since it is the peak of the noise voltage which
seems to produce the annoyance. This is especially true in the case
of impulse noise such as ignition where the crest factor of the noise
may be very high. Thus the energy content of .a short duration impulse
might be very small in comparison with the energy content of the
signal, but the peak voltage of the impulse might exceed the signalpeak
voltage and become very annoying. The degree of this annoyance
would of course depend upon the type of service and will not be gone
into here. In view of this importance of peak noise considerations, the
final judgment in the comparison between the systems of frequency
and amplitude modulation treated here will be based upon peak signal -

noise ratios.
When the peak voltage or current ratio of the frequency and ampli-

tude modulation spectra is to be determined, the characteristics of the
different types of noise must be taken into consideration. There seem
to be two general types of noise which require consideration. The first
of these is fluctuation noise, such as thermal agitation and shot effect,
which is characterized by a random relation between the various fre-
quencies in the spectrum. The second is impulse noise, such as ignition
or any other type of noise having a spectrum produced by a sudden
rise of voltage, which is characterized by an orderly phase and ampli-
tude relation between the individual frequencies in the spectrum.

Experimental data taken by the author have shown that the fluctua-
tion noise crest factor is constant, independent of bandwidth, when the
carrier is strong compared to the noise. Thus the peak voltage of fluc-
tuation noise varies with band width in the same manner that root -
mean -square voltage does, namely, as the square -root of the band
width ratio. Consequently, for the strong -carrier condition, the peak
voltage characteristics of fluctuation noise may be determined by ap-
plying the experimentally determined crest factor to the root -mean -
square characteristics. Hence, in the case of fluctuation noise, (15) ap-
plies for peak noise improvement as well as for average root -mean -
square noise improvement.

Impulse Noise Characteristics

A simple way of visualizing the manner in which impulse noise
produces its peak radio -frequency voltage is to consider the case of a
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recurrent impulse. It is well known that a recurrent impulse, such as
square -wave -form dots, may be expressed by a Fourier series which
consists of a fundamental and an infinite array of harmonics. The
amplitudes of these harmonics are inversely proportional to their fre-
quencies. The components of the single impulse will be similar to those
of the recurrent impulse since the single impulse may be considered as
a recurrent impulse with a very low rate of recurrence. The part of this
impulse spectrum that is received on a radio receiver is a small band
of the very high order harmonics. Since the frequency difference be-
tween the highest and lowest frequencies of this band is small compared
to the mid -frequency of the band, all of the frequencies received are of
practically equal amplitude. These harmonics are so related to each
other by virtue of their relation to a common fundamental that they
are all in phase at the instant the impulse starts or stops. Hence, for
the interval at the start or stop of the impulse, all of the voltages in
the band add up arithmetically and the peak voltage of the combina-
tion is directly proportional to the number of individual voltages.
Since the individual voltages of the spectrum are equally spaced
throughout the band, the number of voltages included in a given band
is proportional to the band width. Consequently, the peak voltage of
the resultant of the components in the spectrum is directly propor-
tional to the band width. Thus impulse noise varies, not as the square
root of the band width, as fluctuation noise does, but directly as the
band width.' Since the voltages in the spectrum add arithmetically,
their peak amplitude is proportional to their average ordinate as well
as proportional to the band width. This makes the peak voltage of
impulse noise, not proportional to the square root of the ratio between
the squared -ordinates areas, as is the case with root -mean -square noise,
but proportional to the ratio between the areas of the two spectra.
Hence, (referring to Fig. 3)

Na area OCEH
(peak values, impulse) =

Nf area ODH

(n/C) X Fa
= (16)

1 2F. n Fa
Fa X X X

2 C

The fact that the peak voltage of impulse noise varies directly with the
band width was first pointed out to the author by V. D. Landon of the RCA
Manufacturing Company. The results of his work were later presented by him as
a paper entitled "A study of noise characteristics," before the Eleventh Annual
Convention, Cleveland, Ohio, May 13, 1936; published in the PROC. I.R.E., vol.
24, pp. 1514-1521; November, (1936).
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Dividing (16) by (14) to obtain the ratio between the frequency and
amplitude modulation output signal -noise ratios gives

Sf/Nf Fd
(peak values, impulse) = 2 - (17)

Sa/N. Fa

Equation (17) shows that the frequency modulation peak voltage
improvement with respect to impulse noise is equal to twice the devia-
tion ratio or about 1.16 times more improvement than is produced on
fluctuation noise. The peak power gain would be equal to the square
of the peak voltage gain or four times the square of the deviation ratio.

Low Carrier -Noise Ratios

When the expression for the instantaneous frequency of the wave
modulated by the noise component and signal, given by (7), is resolved
into its components by the use of the binomial theorem, the following
is the result :

(Fn. - Fd sin pt) n 2n \ Ko
f = F0 - Fa sin pt

L c zc) z
- K1 cos (wnat - Fa sin pt) K2 cos 2(conat - Fd sin pt)

+ K3 cos 3(wnat - Fd sin pt)

C n
in which Z =

n
-
C

and

(18)

3 10 35 126 462 1716
Ka = KJ. = (1 - -

Z2 Z4
-
Z6

(19)- -
Zs Z10 Z12

1 4 15 56 210 792 3003
K2 = (20)

Z9 Z" Z"Z Z3 Z5 Z7

1 5 21 84 330 1287 5005
K3 =

Z2 Z4 Z6 Z8
(21)

Z16. Z12 Z14

Additional terms of the series of (19), (20), and (21), as well as higher
order series, may be found with the aid of a table of binomial coeffi-
cients.

Equation (18) shows that, as the carrier -noise ratio approaches
unity, the effective signal -noise ratio at the receiver output is no
longer directly proportional to the carrier -noise ratio. The effective
frequency deviation produced by the noise has harmonics introduced
and a constant frequency shift added. The effect of the harmonics and
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constant shift is to make the wave form of a single noise component
very peaked and of the nature of an impulse. Because of the selectivity
of the audio channel, none of the harmonics are present for the noise
frequencies in the upper half of the audio spectrum. As the frequency
of the noise voltage is lowered, more and more harmonics are passed
by the audio channel and as a consequence, the peak frequency devia-
tion due to the noise is increased. This can be more easily understood
from the following calculation of the wave form produced by the in-
stantaneous frequency deviation of the single noise component.

Li

2

4

ORDINATES

tt

Fig. 4-Calculated wave forms showing the distortion produced on the instan-
taneous frequency deviation of the wave composed of the combination of
the carrier and a single noise component. C In =ratio between the peak volt-
age of the carrier and the peak voltage of the noise component.

The curves of Fig. 4 have been calculated from (7) and show how
the instantaneous frequency deviation varies with time or the phase
angle of the wave. A wave with the instantaneous frequency given by
these curves would produce voltages in the output of the detector of
the frequency modulation receiver which are proportional to the fre-
quency deviations. It can be seen from these curves that, as the carrier -
noise ratio approaches unity, the wave form becomes more and more
peaked. The harmonics which enter in to make up this peaked wave
form are given by (18) and are completely present for all noise fre-
quencies only in the absence of audio selectivity.

In the presence of audio selectivity, the condition portrayed by
(18) is approached as the audio frequency of the noise approaches zero.
Thus the wave form of the noise is sinusoidal at a noise frequency high
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enough to have its harmonics eliminated by the audio selectivity, but
becomes more peaked as the frequency is made lower so that more
harmonics are included. This effect tends to increase the peak voltage
of the low -frequency noise voltages which have a large number of
harmonics present. Thus, as the carrier -noise ratio approaches unity,
the triangular audio spectrum is distorted by an increase in the ampli-
tude of the lower noise frequencies.

The above gives a qualitative and partially quantitative description
of the noise spectrum which results at the lower carrier -noise ratios.
Further development would undoubtedly make possible the exact cal-
culation of the peak and root -mean -square signal -noise ratio at the
receiver output when the carrier -noise ratio at the receiver input is
close to unity, but, because of the laborious nature of the calculations
involved in evaluating the terms of (18), and pressure of other work,
the author is relying upon experimental determinations for these data.

Noise Crest Factor Characteristics

The crest factor characteristics of the noise can be studied to an
approximate extent by a study of (6). This equation portrays the
resultant peak frequency deviation of the wave at the output of the

detector may be determined since in the frequency modulation receiver
frequency deviations are linearly converted into detector output volt-
ages. However, the crest factor characteristics of the receiver output
are different from those at the detector output due to the effect of the
selectivity of the audio channel. This is especially true in the case of
the frequency modulation receiver with a deviation ratio greater than
unity, that is, where the audio channel is less than one half the inter-
mediate -frequency channel. Consequently, in order to obtain the final
results, the effect of the application of the audio selectivity must be
applied to the results determined from a study of (6).

From the curves of Fig. 4, it can be seen that the peak frequency
deviation of the wave given by (7) occurs at a phase angle equal to 180
degrees. From the similarity of (6) and (7), it can be seen that the
peak frequency deviation of (6) would also occur at a phase angle of
180 degrees. At this phase angle the noise peak frequency deviation
from (6) is

fd.(peak) =

Fna
1 dcp(t)

dt
Fd sin pt)

(C /N) - 1
+ 1

(N/C) - 1
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1 WO- F Fa sin pt
dt

(22)(C/N) -1

Equation (22) shows that the peak frequency deviation of the
noise, for any value of carrier -noise ratio, C/N, is proportional
to the noise instantaneous audio frequency given by the quantity

(F
1 4(t)

Fa sin p , and to the quantity 1/1 (C/N) -1)}.
dt

C/N is the resultant instantaneous peak carrier -noise ratio which is pres-
ent in the output of the frequency modulation intermediate -frequency
channel. It is apparent that when this carrier -noise ratio is high, the
peak frequency deviation of the noise is proportional to N/C. When
the carrier -noise ratio is equal to unity, the peak frequency deviation
becomes infinite and it is evident that the frequency modulation im-
provement, which is based on a high carrier -noise ratio, would be lost
at this point. The term "improvement threshold" will be employed
hereinafter to designate this point below which the frequency modula-
tion improvement is lost and above which the improvement is realized.
Theoretically this term would refer to the condition where the instan-
taneous peak voltage of the noise is equal to the peak voltage of the
carrier. However, in the practical case, where only maximum peak
values of the noise are measured, the improvement threshold will refer
to the condition of equality of the maximum instantaneous peak volt-
age of the noise and the peak voltage of the carrier.

As the experimental characteristics will show, this increase in peak
frequency deviation of the noise is manifested in an increase in crest
factor of the noise. The crest factor cannot rise to infinity, however,
due to the limitations imposed by the upper and lower cutoff fre-
quencies of the intermediate -frequency channel. This selectivity limits
the peak frequency deviation of the resultant of the noise and applied
modulation to a value not greater than one half the intermediate -fre-
quency channel width. Hence, in the absence of applied frequency
modulation, the peak voltage of the noise at the detector output may
rise to a value equal to the peak voltage due to the applied frequency
modulation with maximum frequency deviation. In the presence of the
applied frequency modulation, the total peak frequency deviation is
limited so that the noise peaks depress the signal, that is, they punch
holes in the signal, but do not rise above it. Thus a phenomenon which
might be termed "frequency limiting" takes place. This frequency
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limiting limits frequency deviations in the same manner that amplitude
limiting limits amplitude deviations. The resulting effect is the same
as though an amplitude limiter were placed at the detector output to
limit the output so that the peak voltage of the noise or signal, or their
resultant, cannot rise above a voltage corresponding to that produced
by the signal alone at full modulation.

Since the frequency limiting limits the noise so that its maximum
amplitude cannot rise above the maximum amplitude of the applied
modulation, a noise suppression effect is present which is similar to
that effected by the recent noise suppression circuits8'9 used for reduc-
ing impulse noise which is stronger than the amplitude modulated
carrier being received. The result of such limiting is a considerable re-
duction of the annoyance produced by an intermittent noise, such as
ignition, where the duration of the impulses is short and the rate of
recurrence is low. With such noise, the depression of the signal for the
duration of the impulse reduces the presence of the signal for only a
small percentage of the time; the resultant effect is a considerable im-
provement over the condition where the peaks of the noise are stronger
than the signal. On the other hand, for steady noise such as fluctua-
tion noise, as the carrier -noise ratio is made less than unity, the signal
is depressed more and smothered
in the noise.

When the effect of the audio selectivity is considered in conjunction
with the frequency limiting, it is found that the noise suppression
effect is somewhat improved for the case of a deviation ratio greater
than unity. The reason for this is as follows: The frequency limiting
holds the peak voltage of the noise at the output of the detector so that
it cannot rise above the maximum value of the signal. However, in
passing through the audio channel, the noise is still further reduced
by elimination of higher frequency components whereas the signal
passes through without reduction. Consequently the over-all limiting
effect is such that the noise is limited to a value which is less than the
maximum value of the signal. The amount that it is less depends upon
the difference between the noise spectra existing at the output of the
detector and the output of the audio selectivity.

Experimental determinations, which will be shown later, point
out that as unity carrier -noise ratio is approached, the frequency

8 Leland E. Thompson, "A detector circuit for reducing noise interference
in C.W. reception," QST, vol. 19, p. 38; April, (1935). A similar circuit for teleph-
ony reception is described by the same author in QST, vol. 20, pp. 44-45;
February, (1936).

9 James J. Lamb, "A noise -silencing I.F. circuit for superhet receivers,"
QST, vol. 20, pp. 11-14; February, (1936).
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modulation audio noise spectrum changes from its triangular shape to
a somewhat rectangular shape. Hence the noise spectrum at the out-
put of the detector when frequency limiting is taking place would be
approximately as given by OCBA of Fig. 3. When the audio selectivity
is applied, the spectrum would be reduced to OCEH and the band
width of the noise would be reduced by a ratio equal to the deviation
ratio. This would reduce the peak voltage of fluctuation noise by a
ratio equal to the square root of the deviation ratio and that of im-
pulse noise by a ratio equal to the deviation ratio. Thus, the resultant
effect of the frequency limiting is that the fluctuation noise output is
limited to a value equal to the maximum peak voltage of the signal
divided by the square root of the deviation ratio. The corresponding
value of impulse noise is limited to a value equal to the maximum
peak voltage of the signal divided by the deviation ratio. Consequently,
with fluctuation noise, when the noise and signal are measured in the
absence of each other, the signal -noise ratio cannot go below a value
equal to the square root of the deviation ratio; the corresponding
signal -noise ratio impulse noise cannot go below a value equal to the
deviation ratio. However, these minimum signal -noise ratios are only
those which exist when the noise is measured in the absence of the
applied frequency modulation. When the applied modulation and the
noise are simultaneously present, the noise causes the signal to be
depressed. When this depressed signal, with its depression caused by
noise composed of a wide band of frequencies, is passed through the
audio selectivity, the degree of depression is reduced. The amount of
the reduction will be different for the two kinds of noise. The de-
termination of the actual magnitude of this reduction of the signal
depression, as effected by the audio selectivity, will be left for experi-
mental evaluation.

In comparing frequency modulation systems with different devia-
tion ratios at the low carrier -noise ratios, the wider intermediate -fre-
quency channel necessary for the high deviation ratio receiver gives
that receiver a disadvantage with respect to the low deviation ratio
receiver. Since this wider channel accepts more noise than the nar-
rower intermediate -frequency channel of the low deviation ratio re-
ceiver, when equal carriers are fed to both such receivers equality of
carrier and noise occurs at a higher carrier level in the high deviation
ratio receiver. As a result, a higher carrier voltage is required to reach
the improvement threshold in the case of the high deviation ratio
system. Thus at certain low carrier levels, the carrier -noise ratio could
be above the improvement threshold in the low deviation ratio system,
but below in the high deviation ratio system; at this carrier level the
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low deviation ratio system would be capable of producing a better
output signal -noise ratio than the high deviation ratio system.

The difference between the improvement thresholds of receivers
with different deviation ratios may be investigated by a determination
of the carrier -noise ratio which exists in the reference amplitude modu-
lation receiver when the improvement threshold exists in the frequency
modulation receiver. This carrier -noise ratio may be found by a con-
sideration of the relative band widths of the intermediate -frequency
channels of the receivers. Thus, when the deviation ratio is unity, and
the intermediate -frequency channel of the frequency modulation re-
ceiver is of the same width as that of the amplitude modulation re-
ceiver," the two receivers would have the same carrier -noise ratio in
the intermediate -frequency channels. When the deviation ratio is
greater than unity, and the intermediate -frequency channel of the fre-
quency modulation receiver is broader than that of the amplitude
modulation receiver, the carrier -noise ratio in the frequency modula-
tion receiver is less than that in the amplitude modulation receiver.
For the case of fluctuation noise, where the peak values vary as the
square root of the ratio between the two band widths concerned, the
carrier -noise ratio in the frequency modulation intermediate -frequency
channel would be less than that in the amplitude
mediate -frequency channel by a ratio equal to the square root of the
deviation ratio. Thus, when equal carrier voltage is fed to both re-
ceivers,

Ca/Na = (C/N)A/FdIF. (fluctuation noise, peak or r -m -s values) (23)

in which Ca/Na = carrier -noise ratio in the amplitude modulation in-
termediate -frequency channel and C/N=corresponding ratio in the
frequency modulation intermediate -frequency channel.

In the case of impulse noise, where the peak values of the noise

10 In order to assume that the frequency modulation receiver with a devia-
tion ratio of unity has the same intermediate -frequency channel width as the
corresponding amplitude modulation receiver, the assumption would also have
to be made that the peak frequency deviation due to the applied frequency
modulation is equal to one half the intermediate -frequency channel width. In
the ideal receiver with a square -topped selectivity characteristic, this amount of
frequency deviation would produce considerable out -of -channel interference and
would introduce distortion in the form of a reduction of the amplitudes of the
higher modulation of frequencies during the intervals of high peak frequency
deviation. However, under actual conditions, where the corners of the selectivity
characteristic are rounded, it has been found that the frequency deviation may
be made practically equal to one half the normal selectivity used in amplitude
modulation practice without serious distortion. Receivers with high deviation
ratios are less susceptible to this distortion due to the natural distribution of the
side bands for the high values of Fd/F, which are encountered with such re-
ceivers.
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vary directly with the band -width ratio, the carrier -noise ratios in the
two receivers are related by

C Fa
Ca/Na = - - (impulse noise, peak values) . (24)

N Ta

From (23), it can be seen that, with fluctuation noise, a carrier -
noise ratio equal to the square root of the deviation ratio would exist
in the amplitude modulation intermediate -frequency channel when the
carrier -noise ratio is at the improvement threshold (C/N= 1) in the
frequency modulation intermediate -frequency channel. Likewise, from
(24), with impulse noise, the frequency modulation improvement
threshold occurs at a peak carrier -noise ratio in the amplitude modula-
tion intermediate -frequency channel which is equal to the deviation
ratio.

Effect of Application of the Modulation

For the condition of a carrier which is strong compared to the noise,
the equation for the instantaneous frequency of the wave modulated
by the noise and signal, given by (7), may be reduced to the following:

n2
f = Fe - Fa sin pt - C2(Fna - Fd sin pt)

Fd
- - (Fa - Fd sin pt) cos {wat - cos pt} . (25)

By neglecting the inconsequential term proportional to n2/C2, applying
the sine and cosine addition formulas, the Bessel function expansions,
and the Bessel function recurrence formulas, (25) may be resolved into

Fdf =Fe- (n1C)[JoG )F. cos Wnat
m

GF,rnd (F.+F..) sin (conat+ pt) Fm) sin (What-pt) 1

-J2GF :)I(F.+2F,,,) cos (cond-F2pt)+(F. -2Fm) cos (wnat -2pt)}

+J3 (FF: (F.+3F,,i) sin (cot +3pt) (F.-3Fm) sin (conat- 3pt)}

-I-J4 1. (26)

This resolution shows that the application of frequency modulation
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to the carrier divides the over-all transmission of the receiver into
components due to the carrier and each side frequency. The amplitudes
of these components_ are proportional to the frequency difference be-
tween the noise voltage and the side frequency producing the com-
ponent. The frequency of the audio noise voltage in each one of these
component spectra is equal to the difference between the side frequency
and the noise radio frequency. Thus the application of the modulation
changes the noise from a single triangular spectrum due to the carrier,
into a summation of triangular spectra due to the carrier and side
frequencies. In the absence of selectivity, the total root -mean -square
noise would be unchanged by the application of the modulation since
the root -mean -square summation of the frequency modulation carrier
and side frequencies is constant; hence the root -mean -square summa-
tion of noise spectra whose amplitudes are proportional to the strength
of the carrier and side frequencies would be constant. However, since
selectivity is present, the noise is reduced somewhat. This can be seen
by considering the noise spectrum associated with one of the higher
side frequencies. The noise spectrum associated with this side fre-
quency, which acts as a "carrier" for its noise spectrum, is curtailed
at the high -frequency end by the upper cutoff of the intermediate -
frequency channel. The region of noise below the side frequency is
correspondingly increased in range, but yields high -frequency noise
voltages which are eliminated by the audio -frequency selectivity.
Consequently when modulation is applied, the noise is slightly reduced.
The amount of this reduction may be calculated by a root -mean -square
summation of the individual noise spectra due to the carrier and side
frequencies. For the case of a deviation ratio of unity, an actual sum-
mation of the various spectra for full applied modulation has shown
the root -mean -square reduction to be between two and three decibels
depending upon the audio frequency of the noise. The same sort of
summations also shows that the reduction becomes less as the devia-
tion ratio is increased.

The weak -carrier root -mean -square noise characteristics in the
presence of applied frequency modulation do not lend themselves to
such straightforward calculation as the corresponding strong -carrier
characteristics and will not be gone into here. The same can be said
for the peak -noise characteristics in the presence of applied frequency
modulation.

Transmitter Frequency Modulation Power Gain

The above considerations, which are based upon the equivalent
conditions of equal carrier amplitude at the input of the amplitude
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and frequency modulation receivers, do not take into account the
power gain effected by the use of frequency modulation at the trans-
mitter. Since the power in a frequency modulated wave is constant, the
radio -frequency amplifier tubes in the transmitter may be operated
in the class C condition instead of the class B condition as is required
for a low level modulated amplitude modulation system. In changing
from the class B to the class C condition, the output voltage of the
amplifier may be doubled. Consequently a four -to -one power gain
may be realized by the use of frequency modulation when the ampli-
tude modulation transmitter uses low-level modulation. On the other
hand, when the amplitude modulation transmitter uses high level
modulation-that is, when the final amplifier stage is modulated, the
power gain is not so great. However, for the purpose of showing the
effect of a transmitter power gain, the amplitude modulation trans-
mitter will be assumed to be modulated at low levels.

As this paper is in the final stages of preparation, systems of ampli-
fying amplitude modulation have been announced wherein plate effi-
ciencies of linear amplifiers have been increased practically to equal the
class C efficiencies.",)2 Since these systems are not in general use as
yet, it will suffice to say that such improvements in amplitude modula-
tion transmission will tend to remove the frequency modulation
mitter gain in accordance with these improvements. Hence the over-
all frequency modulation gain will more nearly approach that due to
the receiver13 alone.

With a four -to -one power gain at the transmitter, a frequency
modulation system would deliver twice the carrier voltage to its re-
ceiver that an amplitude modulation system would with the same
transmitter output stage. Hence (15) and (17), and (23) and (24)
become, respectively,

Sf/Nf
(peak values, fluctuation noise) = 2 OP d

IS/N

Sf/Nf
(peak values, impulse noise) = 4Fd/F.

S//V.

(27)

(28)

11 W. H. Doherty, "A new high efficiency power amplifier for modulated
waves," presented before Eleventh Annual Convention, Cleveland, Ohio, May
13, (1936); published in PROC. I.R.E., vol. 24, pp. 1163-1182; September, (1936).

12 J. N. A. Hawkins, "A new, high -efficiency linear amplifier," Radio, no.
209, pp. 8-14, 74-76; May, (1936).

13 The receiver and transmitter gain are mentioned rather loosely when they
are separated in this way. However, it will be understood that the receiver gain
could not be realized without providing a transmitter to match the requirements
of the receiver.
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Ca/N = (Cl2N)\/FdIFa (fluctuation noise, r -m -s or peak values) (29)

Ca/N = (C/2N)Fd/Fa (impulse noise, peak values). (30)

These equations show that this increase in carrier fed to the frequency
modulation receiver not only increases the frequency modulation im-
provement, but also lowers the carrier -noise ratio received on the
amplitude modulation receiver when the improvement threshold exists
in the frequency modulation receiver.
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Fig. 5-Theoretical signal -noise ratio characteristics of frequency and amplitude
modulation without the transmitter gain taken into account. Curve A =am-
plitude modulation receiver. The curves marked with I and F show the
characteristics of the frequency modulation receivers for impulse and
fluctuation noise, respectively. FdIF.=deviation ratio.

Theoretical Conclusions

The curves of Fig. 5 and 6 summarize the theoretical conclusions
by means of an example in which receivers with deviation ratios of
four and one are compared with each other and with an amplitude
modulation receiver at various carrier -noise ratios. Fig. 5 shows the
receiver gain only, whereas Fig. 6 takes into consideration a trans-
mitter power gain of four to one. The curves are plotted with peak
carrier -noise ratio in the amplitude modulation selectivity channel as
a standard of comparison. Thus the curve for the amplitude modula-
tion receiver is a straight line with a slope of forty-five degrees. The
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curves for the frequency modulation receivers show output signal -noise
ratios which are greater or less than those obtained from the ampli-
tude modulation receiver depending upon the carrier -noise ratio.

For Fig. 5, (15) and (17) were used to obtain the strong -carrier
frequency modulation improvement factors. Hence the frequency
modulation output signal -noise ratios were obtained by multiplying
the amplitude modulation signal -noise ratios by the frequency modula-
tion improvement factors. The carrier -noise ratios which exist in the
amplitude modulation receiver when the improvement threshold exists
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Fig. 6-Theoretical signal -noise ratio characteristics of frequency and amplitude
modulation receivers with the transmitter gain taken into account.

in the frequency modulation receiver were determined by substituting
a value of unity carrier -noise ratio in (23) and (24). The improvement
thresholds are designated in both Figs. 5 and 6 by the points u and z
for fluctuation and impulse noise, respectively. Since the theory does
not permit actual calculation of signal -noise ratios in the region be-
tween high ratios and the improvement threshold, that part of the
curves has been sketched in with a dashed line.

The part of the impulse -noise curve, for the deviation ratio of four
represented by the line x -y shows the characteristic which would be
obtained if the noise and signal were measured in the absence of each
other. Because of frequency limiting, the noise is limited to equality
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with the signal at the output of the detector and is then reduced in
peak voltage by the audio selectivity. The amount of this reduction
for impulse noise would be a ratio equal to the deviation ratio or, in
this case, twelve decibels. In the case of fluctuation noise, the reduction
of the noise, which is present in the absence of modulation, would be
equal to the square root of the deviation ratio, or six decibels, and the
corresponding curve is shown by the line v -w. However, these lines do
not portray the actual signal -noise ratio characteristics since the noise
depresses the signal when the carrier -noise ratios go below the improve-
ment threshold. In the case of fluctuation noise this signal depression
causes the signal to become smothered in the noise as the carrier -noise
ratio is lowered below the improvement threshold. On the other hand,
with impulse noise such as ignition, where the pulses are short and
relatively infrequent, carrier -noise ratios below the improvement
threshold will present an output signal which is depressed by the noise
impulses, but which is quite usable due to the small percentage of time
that the impulse exists.

The curves of Fig. 6, which take into account the frequency modu-
lation transmitter gain, utilize (27) and (28) to obtain the frequency
modulation improvements at the high carrier -noise ratios. These
curves assume a carrier at the frequency modulation receiver inputs
which is twice the strength of that present at the amplitude modulation
receiver input. The frequency modulation improvements are therefore
increased by six decibels and the improvement thresholds occur at
signal -noise ratios in the amplitude receiver which are six decibels be-
low the corresponding ratios for the case where the transmitter gain
is not taken into account.

Further conclusions of the theory are as follows: For the high car-
rier -noise ratios, the application of modulation does not increase the
root -mean -square value of the noise above its umnodulated value. Also,
in the case of the low deviation ratio receivers, the root -mean -square
value of the noise will be slightly reduced as the modulation is applied.

EXPERIMENT

In the experimental work it was desired to obtain a set of data
from which curves could be plotted showing the frequency modulation
characteristics in the same manner as the theoretical curves of Fig. 5.
To do this it was necessary to have an amplitude modulation reference
system and frequency modulation receivers with deviation ratios of
unity and greater than unity. Equal carrier voltages and noise spec-
tra could then be fed to these receivers and the output signal -noise
ratios measured while the carrier -noise ratio was varied. Since it was
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not convenient to measure the carrier -noise ratio at intermediate fre-
quency, the output signal -noise ratios of the amplitude modulation
receiver were measured instead and were plotted as abscissas in place
of the carrier -noise ratios. This gives an abscissa scale which is practi-
cally the same as that which would be obtained by plotting carrier-
noise ratios. The validity of this last statement was checked by meas-
uring the linearity with which the output signal -noise ratio of the
amplitude modulation receiver varied from high to low values as the
carrier -noise ratio was varied by attenuating the carrier in known
amounts in the presence of a constant noise. At the very low root -
mean -square ratios the inclusion of the beats between the individual
noise frequencies in the spectrum increases the apparent value of the
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Fig. 7-Block diagram of experimental setup.

root -mean -square resultant of the noise voltages about two or three
decibels. Thus, except for this small error at the low root -mean -square
carrier -noise ratios, the amplitude modulation signal -noise ratio can
be assumed equal to the carrier -noise ratio.

The block diagram of Fig. 7 shows the arrangement of apparatus
used in obtaining the experimental data. The frequency modulated
oscillator employed a circuit which was similar to that used in the pre-
viously mentioned propagation tests.' The modulated amplifier con-
sisted of a signal generator which was capable of being amplitude
modulated, but whose master oscillator energy was supplied from the
frequency modulated oscillator. Thus a signal generator was available
which was capable of being either frequency or amplitude modulated.
A two -stage radio -frequency amplifier, tuned to the carrier frequency,
but with no signal at its input, was used as the source of fluctuation
noise. For the impulse noise measurements, the radio -frequency output
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of a square -wave multivibrator was fed to the input of this radio -
frequency amplifier.

In order to make available frequency modulation receivers with
different deviation ratios, a method was devised which made possible
the use of a single intermediate -frequency channel and detection sys-.
tern for all receivers. The method consisted in the insertion of a low-
pass filter in the audio output of the receiver so as to reduce the width
of the audio channel and thereby increase the deviation ratio of the
receiver. This procedure is not that which might be normally followed
since to increase the deviation ratio, the audio channel would normally
be left constant and the intermediate -frequency channel increased.
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Fig. 8-Band-pass characteristic of receiver intermediate -frequency
amplifier, and characteristic of sloping filter.

However, since it is only the ratio between the intermediate- and audio -
frequency channels which governs the frequency modulation improve-
ment, such an expedient is permissible for the purpose of the experi-
ments.

The band-pass filter of the receiver intermediate -frequency ampli-
fier was adapted from broadcast components and gave an output which
was about one decibel down at 6500 cycles off from mid -band fre-
quency. (See Fig. 8.) Hence maximum frequency deviation was limited
to 6500 cycles. The audio channel of the receiver cut off at 6500 cycles
and the low-pass filter cut off at 1600 cycles. Thus the following four
different types of receivers were available: Number one, a frequency
modulation receiver with a deviation ratio of unity which would re-
ceive a 6500 -cycle modulation band. Number two, an amplitude modu-
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lation receiver which would receive a 6500 -cycle modulation band.
Number three, a frequency modulation receiver with a deviation ratio
of about four (6500 ÷ 1600) which would receive a 1600 -cycle modula-
tion band. Number four;an amplitude modulation receiver which would
receive a 1600 -cycle modulation band.

With these four receivers, a comparison between number two and
number one would produce a comparison between amplitude modula-
tion reception and frequency modulation reception with a deviation
ratio of unity. A comparison between receivers number four and num-
ber three would produce a comparison between amplitude modulation
reception and frequency modulation reception with a deviation ratio of
four. Thus both frequency modulation receivers had as a standard of
comparison an amplitude modulation receiver with an audio channel
equal to that of the frequency modulation receiver.

The limiter of the frequency modulation receiver consisted of four
stages of intermediate -frequency amplification arranged alternately to
amplify and limit. The sloping filter detectors utilized the same circuit
as used in the propagation tests' except that only one sloping filter was
used in conjunction with a flat -top circuit as described in the theoreti-
cal section of this paper. Thus a balanced detector type of receiver was
available which would also receive amplitude modulation by switching
off the frequency modulation detector and receiving the detected out-
put of the flat -top circuit. The characteristic of the sloping filter is
shown in Fig. 8.

The output of the detectors was fed to a switching system which
connected either to a low-pass filter and attenuator or directly to the
attenuator. The output of the attenuator passed to an audio -frequency
amplifier having an upper cut-off frequency of 6500 cycles. The indi-
cating instruments were connected to the amplifier output terminals.
For the root -mean -square fluctuation noise measurements, a copper -
oxide -rectifier type meter was used." A cathode-ray oscilloscope was
used for all peak voltage measurements.

In the procedure used to obtain the data, the carrier -noise ratio was
varied over a wide range of values and the receiver output signal -noise
ratios were measured at each value of carrier -noise ratio. To do this,
the output of the noise source was held constant while the carrier was

14 In the preliminary measurements, a thermocouple meter was connected in
parallel with the copper -oxide -rectifier meter in order to be sure that no particular
condition of the fluctuation noise wave form would cause the rectifier meter to
deviate from its property of reading root -mean -square values on this type of
noise. It was found that the rectifier type of instrument could be relied upon to
indicate correctly so that the remainder of the measurements of root -mean-
square fluctuation noise were made using the more convenient rectifier type of
instrument.
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varied by means of the signal generator attenuator. The output peak
signal -noise ratios were obtained by first measuring the peak voltage
of the tone output with the noise source shut off and then measuring
the peak voltage of the noise with the tone shut off. The maximum
peak voltage of the noise was read for its peak voltage. The root-mean -
square signal -noise ratios were measured by reading the root -mean-
square voltage of the tone in the presence of the noise and then reading
the voltage of the noise alone. The signal was then separated from the
noise by equating the measured signal -plus -noise voltage to \/S2+N2,
substituting the measured noise voltage for N, and solving for the sig-
nal, S. In these measurements, a 1000 -cycle tone was used to modulate
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Fig. 9-Measured peak signal -noise ratio characteristics for fluctuation noise.
Curve A =amplitude modulation receiver. Curve B = frequency modulation
receiver with deviation ratio equal to unity. Curve C =, frequency modula-
tion receiver with deviation ratio equal to four.

at fifty per cent the amplitude modulator or to produce one-half fre-
quency deviation (3250 cycles) on the frequency modulator. The out-
put signal -noise ratios were corrected to a 100 per cent, or full modula-
tion, basis by multiplying them by two. The radio frequency used was
ten megacycles.

Fluctuation Noise Characteristics

The curves of Fig. 9 show the fluctuation noise characteristics, in
which peak signal -noise ratios were measured. These curves check the
theoretical curves of Fig. 5 as nearly as such measurements can be ex-
pected to check. With the deviation ratio of four (low-pass filter in), the
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theoretical strong -carrier improvement should be 4 X1.73 = 6.9 or 16.8
decibels; the measured improvement from Fig. 9 is about 14 decibels.
With the deviation ratio of unity (low-pass filter out), the measured
improvement was about 3.5 decibels as compared to the 4.76 -decibel
theoretical figure. The full frequency modulation improvement is seen
to be obtained down to carrier -noise ratios about two or three decibels
above the improvement threshold (equality of peak carrier and noise).
The fact that the frequency modulation improvement threshold occurs
at a higher carrier -noise ratio in the case of the receiver with a devia-
tion ratio of four than in the case of the receiver with a deviation ratio
of unity, also checks the theoretical predictions. In this case of fluctua-
tion noise, the improvement threshold for the receiver with the devia-
tion ratio of four should occur at a carrier -noise ratio in the amplitude
modulation intermediate -frequency channel which was twice the corre-
sponding ratio for the receiver with a deviation ratio of unity. The
curves show these two points to be about seven decibels apart or within
one decibel of the theoretical figure of six decibels.

The data for the curves of Fig. 9 were obtained by measuring the
peak value of the noise alone and signal alone and taking the ratio of
these two values as the signal -noise ratio. Hence the signal depressing
effect, occurring for carrier -noise ratios below the improvement thresh-
old, does not show up on the curves. In order to obtain an approxi-
mate idea as to the order of magnitude of this effect, observations were
made in which the carrier -noise ratio was lowered below the improve-
ment threshold while the tone modulation output (100 per cent modu-
lation in the case of the amplitude modulation observation and full
frequency deviation in the case of the frequency modulation observa-
tion) was being monitored by ear and oscilloscope observation. It was
found that the fluctuating nature of the instantaneous peak voltage
of the fluctuation noise had considerable bearing upon the effects ob-
served. Due to the fact that the instantaneous value of the peak volt-
age is sometimes far below the maximum instantaneous value, fre-
quency modulation improvement is obtained to reduce still further the
peak voltage of these intervals of noise having instantaneous peak volt-
ages lower than the maximum value. This effect seems to produce a
signal at the output of the frequency modulation receiver which sounds
"cleaner," but which has the same maximum peak voltage character-
istics as the corresponding amplitude modulation receiver. Thus, as far
as maximum peak voltage of the noise is concerned, the frequency
modulation receiver produces about the same output as the amplitude
modulation receiver for carrier -noise ratios below the improvement
threshold. The reduction of the peak voltage of the noise during the
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intervals of lower instantaneous peak value reduces the energy content
of the noise in the output; hence some idea of the magnitude of this
effect can be obtained from the root -mean -square characteristics of the
noise.

The curves of Fig. 10 are similar to those of Fig. 9 except that the
root -mean -square signal -noise ratios are plotted as ordinates. Since the
crest factor of the signal is three decibels and that of fluctuation noise
is about thirteen decibels (as later curves will show), the root -mean-
square signal -noise ratiosare ten decibels higher than the correspond-
ing peak ratios. It_panbe seen that the root -mean -square characteris-

Fig. 10-Measured root -mean -square signal -noise ratio characteristics for fluc-
tuation noise. Curve A =amplitude modulation receiver. Curve B = fre-
quency modulation receiver with deviation ratio equal to unity. Curve
C = frequency modulation receiver with deviation ratio equal to four.

tics differ from the peak characteristics in the range of carrier -noise
ratios below the improvement threshold; above the improvement
threshold, the characteristics are similar.

Since the root -mean -square and peak signal -noise ratios display
different characteristics below the improvement threshold, it is quite
evident that the crest factor of the noise changes as the carrier -noise
ratio is lowered below this point. The crest factor can be obtained from
the curves of Fig. 9 and 10 as follows: By adding three decibels to the
ordinates of Fig. 10 they will be converted to peak signal to root -mean-
square noise ratios. Hence by subtracting from these ratios the corre-
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sponding ordinates of Fig. 9, the crest factor of the noise is obtained.
The results of such a procedure are shown in Fig. 11.

In the case of the frequency modulation receiver with a deviation
ratio of four, Fig. 11 shows that the crest factor increases by about 14.5
decibels at the improvement threshold. Hence the frequency modula-
tion improvement, which is about fourteen decibels by measurement
and sixteen by calculation, is counteracted by an increase in crest fac-
tor. This same situation exists in the case of the receiver with a devia-
tion ratio of unity. Here the increase in crest factor is about four deci-
bels; the measured frequency modulation improvement is about 3.5
decibels and the calculated value 4.76 decibels.
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Fig. 11-Crest factor characteristics of frequency and amplitude modulation
receivers. Curve A =amplitude modulation receiver with 6500 -cycle audio
channel. Curve B = frequency modulation receiver with deviation ratio
equal to unity. Curve C = frequency modulation receiver with deviation
ratio equal to four.

Curve A of Fig. 11 shows the crest factor characteristics of the
amplitude modulation receiver. It is seen that this crest factor is about
equal to that for frequency modulation above the improvement thresh-
old. The average value of the crest factor for both amplitude and fre-
quency modulation in this region is thirteen decibels or about 4.5 to
one. This value checks previous measurements of crest factor where a
slide -back vacuum tube voltmeter was used in place of an oscilloscope
to measure the peak voltage and a thermocouple was used to measure
the root -mean -square values.
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The point where the crest factor of the noise increases, which occurs
at the frequency modulation improvement threshold, has a rather dis-
tinctive sound to the ear. When fluctuation noise is being observed,
as this point is approached the quality of the hiss takes on a more
intermittent character, somewhat like that of ignition. This point has
been termed by the author the "sputter point," and since it coincides
with the improvement threshold it is a good indicator for locating the
improvement threshold. It is caused by the fact that the fluctuation
noise voltage has a highly variable instantaneous peak voltage so that
there are certain intervals during which the instantaneous peak voltage
of the noise is higher than it is during other intervals. Consequently,
as the maximum peak value of the noise approaches the peak value
of the signal, the higher instantaneous peaks will have their crest fac-
tor increased to a greater degree than the lower instantaneous peaks.
Fig. 12 shows oscillograms taken on the fluctuation noise output of the

F A
Fig. 12-Wave form of the fluctuation noise output at unity carrier -noise ratio

in the frequency modulation receiver. F = frequency modulation receiver.
A --amplitude modulation receiver.

frequency and amplitude modulation receivers with the 1600 -cycle low-
pass filter in the audio circuit and with the signal -noise ratio adjusted
to the sputter point. These oscillograms also tend to show how the
frequency modulation signal would sound "cleaner" than the amplitude
modulation signal when the carrier -noise ratio is below the improve-
ment threshold.

Data were also taken to show the fluctuation noise characteristics
as frequency modulation is applied. These data were taken by inserting
low-pass or high-pass filters in the audio system and then applying a
modulation frequency to the frequency modulated oscillator which
would fall outside the pass band of the filters. The low-pass filter cut
off at 1600 cycles so that modulating frequencies higher than 1600
cycles were applied. The output of the filter contained only noise in
the range from zero to 1600 cycles and the change of noise versus fre-
quency deviation of the applied modulation could be measured. The
high-pass filter also cut off at 1600 cycles so that measurements of the
noise in the range from 1600 to 6500 cycles were made while applying
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modulation frequencies below 1600 cycles. In the case of the high-pass
filter, the harmonics of the modulating frequencies appeared at the
filter output in addition to the noise. Consequently, a separate meas-
urement of the harmonics in the absence of the noise was made so that
the noise could be separated from the harmonics by the quadrature
relations. The results with the low-pass filter are shown in Fig. 13. The
results with the high-pass filter are shown in Fig. 14.

The curves of Fig. 13 are representative of a system with a devia-
tion ratio of four. They point out the fact that when the peak carrier -
noise ratio in the frequency modulation intermediate -frequency channel
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Fig. 13-Variation of frequency modulation receiver output noise as frequency
modulation is applied. 1600 -cycle low-pass filter in audio output. Modula-
tion frequency: for curve X =6000 cycles, Y = 3000 cycles, and Z = 2000
cycles. C/N=peak carrier -noise ratio in the output of intermediate -fre-
quency channel.

is greater than unity, the root-mean -square noise is substantially un-
changed due to the application of modulation. The one curve for a
carrier -noise ratio less than unity shows a 'gradual increase of the
noise, which would effect a decrease of the signal -noise ratio as the
modulation is applied; this increase in the noise is displayed to a
greater extent on the lower modulation frequency of 2000 cycles than
on the higher modulation frequencies of 3000 and 6000 cycles.

Fig. 14 is approximately representative of a receiver with a devia-
tion ratio of unity. This is because the range of noise frequencies from
zero to 1600 cycles, which were eliminated by the high-pass filter, were
a small part of the total range extending out to 6500 cycles. At the
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highest carrier -noise ratio, the noise is decreased as the modulation is
applied. This is in accordance with the deductions of the theory in the
section Effect of Application of Modulation. As the carrier -noise ratio
is lowered this tendency is eliminated.

Data similar to that for Fig. 13, with the low-pass filter in the audio
circuit, were taken measuring the output peak voltage of the noise.
The characteristics obtained were identical to those obtained with
root -mean -square measurements.

Since the harmonics of the tone present in the output of the high-
pass filter could not readily be separated from the noise for the peak

0 .,
00

e'OUU 4

n

0
.41

t

2
cr

0
0-

-1

,C)

Fig. 14-Variation of frequency modulation receiver output noise as frequency
modulation is applied. 1600 -cycle high-pass filter in audio output. Modula-
tion frequency =1000 cycles.

voltage measurements, the high-pass filter data were taken by root -
mean -square measurements only.

Measurements were also made to determine how much the audio
selectivity reduced the degree of signal depression present at the out-

*, put of the detector of the frequency modulation receiver. The carrier -
noise ratio was set so that the maximum peak voltage of the fluctuation
noise was equal to the peak voltage of the carrier. At this carrier -noise
ratio the maximum noise peaks depressed the signal down to zero at
the output of the detector. At the output of the 1600 -cycle low-pass
filter, the maximum noise peaks depressed the signal five decibels.
Thus, without the audio selectivity, the signal was depressed by an
amount equal to its total amplitude; with the audio selectivity, the
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signal was depressed to five decibels below full amplitude or down to an
amplitude of 56 per cent. Hence the reduction of the depth of the sig-
nal depression was from a 100 per cent depiesSion to a depression of
(100 - 56) =44 per cent or a reduction of about seven decibels. The
theoretical reduction of the fluctuation noise in the absence of the
modulation would be equal to the square root of the ratio of band
widths or six decibels. Thus the reduction of the signal depression is,
for all practical purposes, the same as the reduction in the peak voltage
of the noise alone.

Impulse Noise Measurements

The first measurements on impulse noise were made using an auto-
mobile ignition system driven by an electric motor. However the
output from this generator proved to be unsteady and did not allow a
reasonable measurement accuracy. Consequently a square -wave multi -
vibrator was set up. This type of impulse noise generator proved to
be even more stable than the fluctuation noise source and allowed ac-
curate data to be obtained. On the other hand, the output of the re-
ceiver being fed by this noise generator was not as steady as would be
expected. In the absence of the carrier the output was steady, but as
the carrier was introduced the output peak voltage started to fluctuate.
Apparently the phase relation between the components of the noise
spectrum and the carrier varies in such a manner as to form. a resultant
wave which varies between amplitude modulation and phase or fre-
quency modulation. Hence the output of a receiver which is adjusted
to receive either type of modulation alone will fluctuate depending
upon the probability considerations of the phase of combination of the
carrier and noise voltages.

The preliminary impulse noise measurements were made on an
amplitude modulation receiver by comparing the peak voltage ratio
between the two available band widths of 6500 and 1600 cycles. The
6500 -cycle channel was fed to one set of oscilloscope plates and the
1600 -cycle channel to the other. Thus, when the peak voltages at the
outputs of the two channels were equal the oscilloscope diagram took
a symmetrical shape somewhat like a plus sign. The two channel levels
were equalized by means of a tone. Hence, when the noise Noltage was
substituted for the tone, the amount of attenuation that had to be
inserted in the wider band to produce a symmetrical diagram on the
oscilloscope was taken as the ratio of the peak voltages of the two band
widths. In this manner a series of readings was taken which definitely
proved that the peak voltage ratio of the two band widths was propor-
tional to the band width ratio. These readings were taken on both the
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ignition system noise generator and the multivibrator generator. As a
check, readings on fluctuation noise were also taken which showed that
the peak voltage of fluctuation noise varies as the square root of the
band width.

The final measurements on impulse noise were made using the same
procedure followed for the fluctuation noise measurements of Fig. 9.
Only peak voltage measurements were made on this type of noise. The
curves are shown in Fig. 15. It can be seen that the peak voltage char-
acteristics of impulse noise are similar to those of fluctuation noise
except for the location of the improvement threshold. For the receiver
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Fig. 15-Measured peak signal -noise ratio characteristics of impulse noise.
Curve A =amplitude modulation receiver. Curve B =frequency modula-
tion receiver with deviation ratio of unity. Curve C =frequency modulation
receiver with deviation ratio of four.

with a deviation ratio of four, the improvement threshold occurs at a
carrier -noise ratio slightly above sixteen decibels as compared with
slightly above eight decibels for fluctuation noise. The difference be-
tween the improvement thresholds for the two frequency modulation
receivers is about fourteen decibels; the corresponding theoretical fig-
ure, which is equal to the ratio of the two deviation ratios, is twelve
decibels. The theoretical difference between the strong -carrier fre-
quency modulation improvements for impulse and fluctuation noises,
as indicated by the difference between the factors two and the square
root of three respectively, is too small to be measurable with such varia-
ble quantities as these noise voltages.
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Since the signal -noise ratios for the curves of Fig. 15 were obtained
by measuring the noise and signal in the absence of each other, the
signal -depressing effect of the noise does not show up. However, in the
case of impulse noise, these curves are more representative of the actual
situation existing, because the noise depresses the signal for only a
small percentage of the time. In the listening and oscilloscope observa-
tions conducted with carrier -noise ratios below the improvement
threshold, it was observed that at unity carrier -noise ratio the noise
peaks depressed the amplitude of the signal to zero at the output of
the detector. When the low-pass filter was inserted in the audio circuit,
the impulse noise peaks depressed the signal about 2.5 decibels or re-
duced the amplitude from 100 per cent to 75 per cent. The effective sig-
nal -noise ratio is then increased from unity to 100/(100-75) =4 or 12

C 12'1=20 C/n=2 C In= 1.26 Cln= 1
Fig. 16-Over-all transmission oscillograms of the frequency and amplitude

modulation receivers. 1600 -cycle low-pass filter in audio output. Top row =
amplitude modulation, bottom row =frequency modulation. C/n =ratio be-
tween the carrier and the variable -frequency heterodyning voltages.

decibels. This is equal to the theoretical reduction in peak voltage of
impulse noise which would be effected by this four -to-one band width
ratio. It is then evident that the reduction of the depth of the signal
depression caused by the impulse noise is of the same magnitude as the
reduction of the peak voltage of the noise alone.

Over-all Transmissions

The oscillograms of Fig. 16 show the over-all transmissions of the
amplitude and frequency modulation receivers at various carrier -noise
ratios. These oscillograms were taken by tuning the receiver to a car-
rier, and then, to simulate the noise, manually tuning a heterodyning
signal across the intermediate -frequency channel. The audio beat out-
put of the receiver was applied through the low-pass filter to the verti-
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cal plates of the oscilloscope. A bias proportional to the frequency
change of the heterodyning voltage was applied to the other set of
oscilloscope plates. Consequently the spectra obtained are those which
would be produced by the combination of a single noise component of
variable frequency and the carrier. At the higher carrier -noise ratios,
the spectrum is rectangular for amplitude modulation and triangular
for frequency modulation. The dip in the middle of the amplitude
modulation spectrum is where the audio output is near zero beat. As
the carrier -noise ratio is decreased, the frequency modulation spectrum
deviates from its triangular shape and the wave form of the receiver
output has increased harmonic content at the lower audio frequencies
where the audio selectivity does not eliminate the harmonics.

The amplitude modulation spectra of Fig. 16 also show the pres-
ence of added harmonic distortion on the lower modulation frequencies
and lower carrier -noise ratios. However, the effect is so small that it is
of little consequence.

The spectra of Fig. 16 allow a better understanding of the situation
which is theoretically portrayed by (7) of the theory.

Experimental Conclusions

It can be concluded that the experimental data in general confirm
the theory and point out the following additional information:

The improvement threshold starts at a carrier -noise ratio about
three or four decibels above equality of peak carrier and noise in the
frequency modulation intermediate -frequency channel. Hence the full
frequency modulation improvement may be obtained down to a peak
carrier -noise ratio in the frequency modulation receiver of three or four
decibels.

The root -mean -square fluctuation noise characteristics differ from
the peak fluctuation noise characteristics for carrier -noise ratios below
the improvement threshold. The improvement threshold starts at
about the same peak carrier -noise ratio, but the improvement does not
fall off as sharply as it does for peak signal -noise ratios. Thus, for car-
rier -noise ratios below the improvement threshold the energy content
of the frequency modulation noise is reduced, but the peak character-
istics are approximately the same as those of the amplitude modulation
receiver. The characteristics are not exactly the same due to the fre-
quency limiting which allows the noise peaks to depress the signal, but
does not allow them to rise above the signal.

The crest factor of the fluctuation noise at the outputs of the fre-
quency and amplitude modulation receivers is about thirteen decibels
or 4.5 to one for the strong -carrier condition. The crest factor of ampli-
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tude modulation fluctuation noise remains fairly constant regardless
of the carrier -noise ratio. At equality of peak carrier and peak noise in
the frequency modulation intermediate -frequency channel, the crest
factor of the noise in the output of the frequency modulation receiver
rises to a value which counteracts the peak signal -noise ratio improve-
ment over amplitude modulation; the improvement threshold mani-
fests itself in this manner.

At the improvement threshold, the application of the audio selec-
tivity reduces the signal depression due to a noise peak by the same
ratio that it reduces the noise in the absence of the signal. Thus the
depth of a noise depression in the signal is reduced by a ratio equal to
the square root of the deviation ratio in the case of fluctuation noise,
and equal to the deviation ratio in the case of impulse noise.

GENERAL CONCLUSIONS

The theory and experimental data point out the following conclu-
sions:

A frequency modulation system offers a signal -noise ratio improve-
ment over an equivalent amplitude modulation system when the
carrier -noise ratio is high enough. For fluctuation noise this improve-
ment is equal to the square root of three times the deviation ratio for
both peak and root -mean -square values. For impulse noise the corre-
sponding peak signal -noise ratio improvement is equal to twice the
deviation ratio. When the carrier -noise ratio is about three or four
decibels above equality of peak carrier and peak noise in the frequency
modulation intermediate -frequency channel, the peak improvement
for either type of noise starts to decrease and becomes zero at a carrier -
noise ratio about equal to unity. Below this "improvement threshold,"
the peak characteristics of the frequency modulation receiver are ap-
proximately the same as those of the equivalent amplitude modulation
receiver. The root -mean -square characteristics of the frequency modu-
lation noise show a reduction of the energy content of the noise for
carrier -noise ratios below the improvement threshold; this is evidenced
by the fact that the improvement threshold is not as sharp for root -
mean -square values as for peak values.

At the lower carrier -noise ratios, frequency modulation systems
with lower deviation ratios have an advantage over systenas with
higher deviation ratios. Since the high deviation ratio system has a
wider intermediate -frequency channel, more noise is accepted by that
channel so that the improvement threshold occurs at a higher carrier
level in the high deviation ratio system than in the low. Hence the
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low deviation ratio systems retain their frequency modulation improve-
ment down to lower carrier levels.

The peak voltage of fluctuation noise varies with band width in the
same manner as the root -mean -square voltage, namely, as the square
root of the band width. The peak voltage of impulse noise varies di-
rectly as the band width. In frequency modulation systems with a
deviation ratio greater than unity, this difference in the variation with
band width makes the improvement threshold occur at a higher carrier
level with impulse noise than with fluctuation noise. Hence frequency
modulation systems with higher deviation ratios are more susceptible
to impulse noise interference.

Because of a phenomenon called "frequency limiting" the peak fre-
quency deviations of the noise or the noise -plus -signal are limited so
that the peak value cannot rise above the maximum peak value of the
signal at the output of the detector. The application of audio selectivity
reduces this maximum value of the noise so that fluctuation noise can-
not rise to a value higher than the maximum value of the signal divided
by the square root of the deviation ratio; the corresponding value of
impulse noise cannot rise to a value higher than the maximum peak
voltage of the signal divided by the deviation ratio. Inherent with this
limiting effect is a signal -depressing effect which causes the fluctuation
noise gradually to smother the signal as the carrier -noise ratio is lowered
below the improvement threshold. However in the case of impulse
noise, the signal depression is not as troublesome, and a noise -suppres-
sion effect is created which is similar to that effected in the recent cir-
cuits for suppressing impulse noise which is stronger than the carrier
in an amplitude modulation system. When the deviation ratio is
greater than unity, this frequency limiting is more effective than
the corresponding amplitude modulation noise -suppression circuits;
this is caused by the audio selectivity reducing the maximum peak
value of the noise so that it is less than the peak value of the signal.

For carrier -noise ratios greater than unity, the application of fre-
quency modulation to the carrier does not increase the noise above its
value in the absence of applied frequency modulation.

At the transmitter, a four -to -one power gain is obtained by the use
of class C radio -frequency amplification for frequency modulation in-
stead of the customary class B amplification as is used for low level
amplitude modulation. Therefore, for the same transmitter power in-
put, a frequency modulation system will produce at its receiver a car-
rier which is twice as strong as that produced at the receiver of an
amplitude modulation system. This results in two effects: first, the
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frequency modulation improvement is doubled for carrier -noise ratios
above the improvement threshold; second, when the improvement
threshold occurs in the frequency modulation receiver, the carrier -
noise ratio existing in the amplitude modulation receiver is one half
of what it would have been without the transmitter power gain.
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DISCUSSION ON "A PROPOSED WATTMETER USING
MULTIELECTRODE TUBES "

JOHN R. PIERCE*

N. H. Roberts': John R. Pierce's article on the use of multielectrode tubes
for measuring power at low levels is of interest to me, for I have independently
developed such a vacuum tube wattmeter.

The actual make-up of my instrument differs in some respects from that
described by Mr. Pierce, and a short note on the differences and on some operat-
ing difficulties should be of interest.

One difficulty lay in obtaining sufficiently well -matched tubes in South
Africa. The voltage supply was originally obtained from the alternating -current
mains but the variation in the voltage was sufficient to give rise to an intolerable
unsteadiness of the zero when tubes of differing characteristics were used. For
precise work, it was necessary to change over to battery operation, and, in order
to reduce the size of the battery required, the direct -coupled amplifier was replaced
by an arrangement employing neon tubes as coupling devices."- This arrangement
was found to work satisfactorily.

An investigation was carried out on the effect of varying the potential of
the anode grid G. Reducing this to the potential of the cathode somewhat sur-
prisingly increased the sensitivity of the device, with no further effect other than
a reduction of the total cathode current. This electrode was therefore perma-
nently strapped to the cathode. I have not tested sufficient tubes to be certain
whether this effect is common to all tubes or not, but all of four tubes behaved
in this way.

Inaccurate matching leads to an incomplete cancellation of the "rectifica-
tion" which is caused by nonlinearity of the characteristics. Different tubes differ
widely in this respect. With one particular tube, the deflection due to the applica-
tion of a certain alternating voltage to G4 alone was less than one-half per cent
of the deflection produced by applying the same voltage to both G1 and G4. In
the case of another tube from the same shipment, the unwanted deflection
due to rectification amounted to more than 30 per cent! With the tubes avail-
able, it was not possible to obtain complete cancellation of this rectification
component. This difficulty was however completely overcome by using a central
zero instrument as indicator and reversing the potential applied to the parallel
fed grids G. The change in deflection on reversal gives the wanted reading; as
the rectification effect is independent of the reversal.

The instrument in this form gives full deflection with 0.1 volt root -mean -
square applied to the primaries of two 1:3.5 push-pull input transformers which
feed the grids G1 and G4. As a wattmeter, it is being used at present in an in-
vestigation into the iron losses of small portions of transformer sheet, where it is
particularly useful on account of its sensitiveness. Whenever possible, the trans-
formers are omitted to eliminate the effects of phase shift and of meter load. The
accuracy is of the same order as that of the indicating meter used, but check
calibrations are necessary every few minutes. No more than two points need be

PROC. I.R.E., vol. 24, pp. 577-583: April, (1936).
1 Department of electrical engineering, University of Cape Town, South Africa.

Smith and Hill , "Gas discharge tube as intervalve coupling," Wireless Engineer and Experimenta
Wireless, vol. 11, p. 359.
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checked up once the original calibration has been carried out. The apparatus
was devised primarily for this work which is still being carried on and therefore
a description has not as yet been published.

I should be interested to know whether Mr. Pierce has experienced similar
troubles and I hope that these details will be of interest to him. I make no claim
to priority, as my work on this instrument was commenced towards the end
of 1935 after other types of tube had been tried out.

John R. Piercea: I am pleased to find that a wattmeter such as I described
has proved useful in research work.

The difficulties that Mr. Roberts experienced due to variation among in-
dividual tubes of a given type I had noticed also, and a process of selection from
a large quantity of tubes is certainly necessary.

While the unsteadiness of zero due to alternating -current supply fluctua-
tions may be made reasonably small by proper filtering, battery operation is no
doubt preferable if not absolutely necessary in precision work.

Mr. Roberts has evidently made a much more thorough investigation of the
characteristics of tubes under various operating conditions than I found the
opportunity of making. This is an important contribution, and I feel that an
even more extended investigation of the characteristics of various existing tubes
of the converter and mixer types might prove valuable.

I believe that all Mr. Roberts says will prove of value to those who wish to
make an application of this means of power measurement, and I wish to thank
him for the interesting discussion he has contributed.

California Institute of Technology, Pasadena, California.
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BOOK REVIEWS

"Short -Wave Wireless Communication," by A. W. Ladner and C. R. Stoner.
John Wiley and Sons, Inc., 440 Fourth Ave., New York, N.Y. Price, $4.50.

In the preface, the authors state that it is their aim "to fill an obvious gap
in the current literature and supply a textbook which shall satisfy the needs not
only of engineers and telegraphists engaged in wireless, but cater for the scienti-
fic amateur and those who already have an outline knowledge of long -wave
working."

Viewing the book as a whole, differences in style and terminology consider-
ably reduce the effectiveness for American readers. The nationalistic emphasis
developed throughout the book is misplaced in a work intended to serve as a
general text. The commercial aspects, while of a prominence not usual in a refer-
ence or textbook, are understandable in the light of the authors' affiliations and
the source of much of the material on commercial equipment.

After outlining in the introduction the requirements of a communication
system and the compromises which must be made in the practical realization of
such a system, a brief historical outline of developments in short-wave cummuni-
cation is given. Two chapters on electromagnetic waves and the propagation
of waves present, clearly and briefly, a summary of wave relationships and the
behavior of waves, with emphasis on factors affecting the choice of wave length
for a desired communication circuit. In the reviewer's opinion these are the best
chapters of the book, as such a commendable presentation of difficult material
is of particular interest and benefit to those whom the authors desire particularly
to reach.

An unusual approach is made in presenting the material on modulation of
waves before means for producing waves have been considered. The intent is to
indicate the nature of modulation in general, including wire as well as radio cir-
cuits. General discussions of noncarrier, carrier, and suppressed -carrier systems
are given.

Circuit material begins with a discussion of push-pull amplifiers, covers self -
oscillator circuits, intermediate and power amplifiers, keying circuits, constant
frequency oscillators and modulation circuits. In these five chapters the discus-
sions are mainly theoretical with reference to schematic diagrams.

A chapter is devoted to feeders (transmission lines), with reference to imped-
ance matching and proper terminations. Two chapters on aerials, beginning
with the conception of an antenna as a nonterminated feeder and covering the
various phases of antenna design, including arrays and tiered arrays, give a
general view of this important part of a communication system.

A chapter, which covers simple types of regenerative, superregenerative
and superheterodyne receivers with short discussions of the theory of operation,
is followed by another dealing with the requirements of commercial receivers,
illustrated by detailed reference to a commercial short-wave receiver. The prob-
lems of frequency range, selectivity, gain, noise and automatic volume control
are discussed.

517



518 Book Reviews

A chapter on commercial radiotelephone circuits begins with an outline of
requirements, passes to land -line terminating circuits, with discussion of echo
and singing suppression, and goes on to discussions of suppressed -carrier, single
side -band, spread side -band, and quiescent -carrier systems. Mention is made of
compandor circuits and some discussion of secrecy systems is given. This is
followed by a chapter on commercial transmitters, some detail of constructional
and circuit design being included.

The book closes with a chapter on ultra -high -frequency communication,
presenting material on propagation, antennas, receivers, and transmitters.

In general, the material dealing with principles is clearly treated, but much
of the material dealing with practice is presented with a curious turn of abbrevia-
tion (by omission) and "shop lingo"; for example, "feed" for direct plate current;
"flick" for impulse; "backed off to any desired negative" for any desired negative
grid bias, and "cut off by negative on grid" for negative bias cutoff.

*J. K. CLAPP
* General Radio Company, Cambridge A, Massachusetts.

Radio Field Service Data, by Alfred A. Ghirardi, 1936. Loose-leaf binder, pages
51"X8', 428 pages, published by Radio and Technical Publishing Co.,
45 Astor Place, New York, N. Y. Price $2.50.
The present book is a second and revised edition of that published in 1935

and bears the date of October, 1936. Obviously a book giving specific informa-
tion on radio receivers as this one does must be kept up to date if its value is to be
maintained. While some entirely new types of information are contained in the
present edition it has been changed over the old mainly by bringing the various
departments up to date.

While the present book is divided into thirty-two sections, four of these
sections occupy about four fifths of the total number of pages. These four main
sections are headed, "Intermediate Peak Frequencies of Receivers," "Case
Histories of Receivers," "Remedies for Stubborn Automobile Ignition Inter-
ference," and "Electrical Wiring Diagrams of Automobiles." The remaining
twenty-eight sections contain a wide variety of useful information such as tube
base designations, tube operating conditions, and wire tables. Practically all of
the information in the book except that in main sections two and three is purely
factual.

The "Case Histories" and "Ignition Interference Remedies" cover 1500
receivers and 29 cars. The information is based on the actual radio service ex-
perience in locating and remedying radio troubles. The "Case Histories" consist
of various trouble symptoms and one or more of the most frequent remedies.
The author in his preface clearly indicates that the remedies are not to be taken
as the only ones in a given case but that they are valuable as "first tries," and as
such should save a serviceman a great deal of time in his work.

There can be no doubt of the large scope of the book and it is apparent that
the author has been entirely rational in his treatment of the subject. This book
is recommended to any serviceman doing a reasonable amount of repair work.

tALFRED W. BARBER
f Hazeltine Corporation, Jersey City, N. J.
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phone this morning. Betty Sue called
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corner.
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their calls are handled as quickly as
if they concerned the most important
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Magnification, directly indicated, range 10-500.
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urement of effective resistance, capacity and
dielectric loss.

We shall be pleased to send further details and prices of

this and other instruments
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Address

City and State
The following extracts from the Constitution govern applications for admission to the

Institute in the Associate grade:
ARTICLE II-MEMBERSHIP

Sec. 1: The membership of the Institute shall consist of: *   (c) Associates, who shall be
entitled to all the rights and privileges of the Institute except the right to hold any elective
office specified in Article V. *  

Sec. 4: An Associate shall be not less than twenty-one years of age and shall be a person who
is interested in and connected with the study or application of radio science or the radio arts.

ARTICLE III-ADMISSION AND EXPULSIONS
Sec. 2:  *  Applicants shall give references to members of the Institute as follows:    for

the grade of Associate, to three Fellows, Members, or Associates;    Each application for
admission    shall embody a full record of the general technical education of the appli-
cant and of his professional career.

ARTICLE IV-ENTRANCE FEE AND DUES
Sec. 1:    Entrance fee for the Associate grade of membership is $3.00 and annual dues

are $6.00.

ENTRANCE FEE SHOULD ACCOMPANY APPLICATION

XIII



(Typewriting preferred in filling in this form) No.

RECORD OF TRAINING AND PROFESSIONAL
EXPERIENCE

Name
(Give full name, last name first)

Present Occupation
(Title and name of concern)

Business Address

Permanent Home Address

Place of Birth Date of Birth Age

Education

Degree
(College) (Date received)

TRAINING AND PROFESSIONAL EXPERIENCE

DATES

Record may be continued on other sheets of this size if space is insufficient.

Receipt Acktfrowledged Elected Deferred
Grade Advised of Election This Record Filed
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11
Initiative - Resourcefulness - Cooperation

to advance the interests

of the industry

RESISTANCE
SPECIALISTS
Ytitce 1921 MAKERS OF

RESISTANCE UNITS ONLY

INTERNATIONAL RESISTANCE COMPANY
401 NORTH BROAD STREET, PHILADELPHIA, PA.

Factories or Licensees in Canada, England, France, Germany, Italy, Denmark and Australia

MAKERS OF RESISTANCE UNITS OF MORE TYPES, IN MORE SHAPES, FOR

MORE APPLICATIONS THAN ANY OTHER MANUFACTURER IN THE WORLD

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful,
XV



Erie Insulated Resistors are pro-
tected by a pre -formed, uniform ceramic
wall that will withstand 3,000 volts
A. C. Because ceramic case is white,
color code paint retains its true hue
on application; is easy to read, cannot
flake off.

Erie Insulated Resistors give uni-
formly superior results in all standard
tests for load, temperature, voltage,
humidity and noise. We will be glad
to send you a generous supply of
samples to test in your own labora-
tories.

Erie Insulated Resistors are made
in 1/4 and 1/2 watt sizes in all resist-
ance values from a few ohms to several
megohms. You can depend on them
to maintain their actual ratings under
all ordinary operating conditions.

ACTUAL SIZE

CARBON RESISTORS ERIE RESISTOR
CORPORATION

AUTOMATIC INJECTION
AND SUPPRESSORS MOLDING

ERIE, PENNSYLVANIATORONTO LON DON



Inductance Forms
by ISOLANTITE are

1. EFFICIENT-Low dielectric losses in-
crease power output.

2. ECONOMICAL-Large or small
quandties can be produced with -
cut expensive tools.

3. PRECISE-Uniformly close toler-
ances ensure accurate fit.

4. STURDY-Winding and mounting are
accomplished without breakage.

5. CLEAN-CUT-Appearance of equip-
ment is improved.

 Leading manufacturers of military,
naval ar d commercial short wave
radio equipment specify ISOLAN-
TITE inductance forms.
 Why adapt your equipment to a
coil? ISCLANTITE builds the coil to
fit the equipment. Special forms, cost-
ing bat little more, ensure the ultimate
in performance.

ISOLANTITE
CERAMIC INSULATORS

233 Eroadway, New York, N. T.



BROADCASTERS

L FIND MANY
WIL

USES FOR 11415

NEW 2-1140:1

It's the"Salt-Shaker"
..Western

Electric's

latest sensation!

Like its older brother-the
famous

8 -ball" - the new "Salt -Shaker"

mike is finding immediate
acceptance

in stations everywhere.

And no
wonderi It's a 2 -in -1 mike-

non-directional
or directional

(when

you put on the acoustic
baffle) -

gives regular Western Electric broad-

cast quality-and

its cost is amazingly
LOW!

Western Electric
Distributed by GRAYBAR E/ectric Co. In Canaan: Northern Electric Co., Lid.

RADIO TELEPHONE BROADCASTING EQUIPMENT
When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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Popular -priced r o u n c
can oil-fi_led capacitors
Ring mounted.

Compact rectangular can
oil -filled capacitors for
handy baulking.

*
Uncased paper sections
for high -voltage filter
ing and by-passing fund
tions. *
Electrolytes in every
type, size, rating, capac-
ity and terminal arrange-
ment. *
Wet elecurolytics includ
ing voltage regulators.

*
Widest variety of mica
capacitors for every trans-
mitting and receiving
need.

*
Wire -wound resistors
ranging from tiny 5
watt units to giant 200
watt transmitting grid
leaks, both fixed and
adjustable.

Dependability
ACOINED word-only recently included in the

dictionary. But everyone knows its tremendous
implication. And so we borrow it from the makers of
reliable automobiles, in order best to express the full
meaning of AEROVOX Transmitting Capacitors to
those who simply must stay on the air. Performance,
in the final analysis, is the sole gauge of value in radio
communication.

Consult Us regarding your capacitor and
resistor problems and require-

ments, Specifications, quotations and samples cheerfully sub-
mitted to large users. Latest general catalog covering the largest
line of standard units, sent on request.

EROVOX CORPORATION
71 WASHINGTON STREET, BROOKLYN, N. Y.

Sales Offices in All Principal Cities



its-tuttments
A GUARANTEE OF PRECISION AND RELIABILITY

o
MILLIAMPEI'?ES

The 4" Square . . . One of
Triplett's large line of elec-
trical measuring instru-
ments. Others available in
two, three and five inch
sizes and in all stand-
ard ranges. Economically
priced.

Triplett Factory, Bluffton, Ohio

The new Triplett factory was designed
to manufacture precision instruments.
Every modern facility and the very lat-
est of equipment make it outstanding.
The factory has daylight construction,
it is air-conditioned throughout with
temperature and humidity controlled.
Especial measures have been taken to
keep out dust, lint and microscopic par-
ticles . . . the enemies of precision ac-
curacy.
The latest equipment makes possible

0

e ch on
ELECTRICAL INSTRUMENTS

;11F)L;7:1

the most modern processes for ageing,
relieving strains and stresses of ma-
terials and making the fine adjustments
in assembly necessary for producing
precision instruments. With this back-
ground it is easy to understand that "in-
struments by Triplett" . . . is a guaran-
tee of precision and reliability.

WRITE FOR CATALOG

The Triplett Electrical Instrument Co.
214 Harmon Ave., Bluffton, Ohio
Please send me more complete information on

Triplett 4" Square Instruments
I am also interested in

Name

Address

City State

When writing to advertisers mention of the PROCEEDINGS 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.

Cathode Ray Tubes
and Associated

Equipment For All
Purposes

Write for Complete
Technical Data

ALLEN B. DUMONT
LABORATORIES

UPPER MONTCLAIR, N.J.

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 I. GUTHMAN and
CO., INC.

400 S. Peoria St.
Chicago, III.

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.

MICROPHONE
APPLICATIONS

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

SHURE BROTHERS
"Microphone Headquarters"

225 WEST HURON ST. CHICAGO, U.S.A.

"Q"-Measurements
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

For the Engineering Consultant
who can handle a little extra business this year

For the Designer
who can manage some additional work

we suggest the Engineering Directory of the I.R.E. PROCEEDINGS.
Manufacturers who need services such as yours and organizations with
special problems come to our Engineering Directory for information.
Your name and special service announced here will put you in line for
their business. For further information and special rates for I.R.E.
members write to the Institute of Radio Engineers.

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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Change in Mailing Address
or Business Title

Members of the Institute should use this form to notify the Institute
office of a change in their mailing address or the listing of their com-
pany affiliation or title.

The Secretary
THE INSTITUTE OF RADIO ENGINEERS
330 West 42nd Street
New York City

New Affiliation or Title

Name
(Print or type)

Title

Company Name

Company Address

 Home Address

Street
(Print or type)

City and State

Old Mailing Address

Street
(Print or type)

City and State

Please indicate whether you wish your mail to be sent to your home 
or business  address.

Signature

Date
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CAPACITORS
for every

ENGINEERING REQUIREMENT

SPECIALIZATION . . . specialization in the
manufacture of quality condensers, exclu-
sively . . . which has inspired the CORNELL-
DUBILIER organization throughout its twenty-
seven years of achievement-has made the
dream of yesterday the accomplished fact of
today.

Broadcasting stations; United States
Navy, Army, Signal Corps, and other
governmental divisions; telephone com-
panies; manufacturers of receivers, trans-
ceivers, transceptors and transmitters;
engineers, amateurs and servicemen-
the CORNELL-DUBILIER organization
supplies the condenser needs of all and
does so with performance plus!
No more expensive shopping ... no more
testing . and no more experimentation.
C -D engineers have a design for every
requirement.

PAPER MICA DYKANOL
WET AND DRY ELECTROLYTICS

FOR DEPENDABLE PERFORMANCE
Standardize on C -D CAPACITORS

WORLD'S LARGEST EXCLUSIVE MANUFACTURER
OF CAPACITORS FOR MORE THAN 27 YEARS.

Complete descriptive literature free
on request.

CORNELL-DUBILIER CORPORATION
SOUTH PLAINFIELD, NEW JERSEY
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PROCEEDINGS BOUND
VOLUMES

VOLUME 23 (1935) of the Proceedings is now
available 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 available 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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THIS NEW RCA

HIGH FIDELITY SPEAKER OFFERS

MANY ADVANTAGES!

A new RCA High Fidelity Speaker which offers many advantages
which can be found only in this type of combined Horn and Direct
Radiator speaker construction.

Besides offering many technical refinements, this speaker is housed
in an unusually attractive, high quality cabinet. It is rugged, ex-
tremely compact and will blend perfectly with almost any room.

The superior performance of this speaker makes it particularly
well suited to a variety of uses. These include: special wide range
radio receivers, broadcast monitoring, sound motion picture record-
ing monitoring, centralized radio and office and study use. Your
request will bring complete information without obligation.

NOTE THESE MANY ADVANTAGES!
Combined Horn and Direct Radiator
construction gives superior wide -
range, high fidelity performance.

2 New Double Voice Coil unit with
small cone, gives wide angle distribu-
tion of high frequencies.

3 Substantially uniform frequency re-
sponse 60-10,000 cycles.

4 Completely enclosed, making fre-
quency response independent ofloca-
tion in room.

rJ Employs an acoustic baffle.
Cabinet wood reinforced to prevent
vibration.

7 Cabinet is rugged, light in weight, ex-
tremely compact.

RCA Mfg. Co., Inc., Camden, N. J.  A Service, of the Radio Corporation of America

When writing to advertisers mention of the PROCEEDINGS will be mutually h 1pful.
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Here are but a few of the infinite variations
possible with Centralab Switches. o Whatever your
requirements there is a positive, bull -dog contact
switch which can be designed and produced to
meet your particular circuit requirements.  They
are engineered to meet Centralab's exacting
standards of quality.

CENTRALAB Division of Globe -Union Inc.
MILWAUKEE, WISCONSIN

BRITISH CENTRALAB. LTD. FRENCH CENTRALAB CO.
Canlerbury Rd., Kilburn 116 Avenue Ledru.Rollin
London N. W. 6 England Paris Xl. France

Cen
Selector Switches

1A4
 TONE SWITCHES

 WAVE BAND SWITCHES

 LOCAL DISTANCE
SWITCHES

 HIGH FIDELITY
SWITCHES

 INPUT OUTPUT

REVERSAL SWITCHES

 SHORT WAVE
LOW LOSS

 ISOLANTITE SWITCHES

irod-Rr writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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EMPLOYMENT PAGE
A nationally known manufacturer of radio receivers in the middle
West has two openings on his staff:

Experienced Radio Development Engineer-Reply Box No.
175, c/o I.R.E.

! Experienced Radio Draftsman, capable of taking charge of
drafting department-Reply Box No. 174, c/o I.R.E.

His owntemployees know of this advertisement.

ENGINEERING POSITIONS
Advertisements on this page are accepted from organizations interested in employing
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 approxi-
mate size of each emblem is as illustrated.

LAPEL BUTTON
The lapel button is supplied with a screw back h::ving jaws which
fasten it securely to the coat. 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.

A

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



MfICIROMME PIECK*ACV METES
op.

CALIBRAT.

0.11.1...1120

Everything you want in a
Frequency Meter

The G -R Type 620-A Frequency Meter -Monitor and Calibrator has everything
you want in a frequency monitor for checking frequencies over an extremely
wide frequency band. Check these features:

1 DIRECT READING No plug-in coils . . . no calibration charts or
curves . . . positive -action band -selector switch.

2 EXCEPTIONALLY WIDE FREQUENCY RANGE Continuous from
300 kc to 300 Mc.

3 HIGH ACCURACY Over-all accuracy of 0.01% or better . . . suit-
able for use as a monitor for practically all classes of service through-
out its enti, e range.

4 SELF -CALIBRATING Calibration can be checked quickly and sim-
ply against built-in low -temperature -coefficient quartz plate.

5 S! MPLE TO OPERATE Operating personnel can use this instrument
with entire success . positive identification of harmonics assured.

6 PORTABLE Two models supplied; a relay rack and a portable model
. . . portable model weighs only 45 pounds . . . both models can be
used on either a -c or d.c. Built-in a -c supply in each.

7 RUGGED CONSTRUCTION Unique electrical and mechanical de-
sign insures trouble -free operation.

8 INEXPENSIVE Type 620 -AR (Relay -Rack Mounting), $490 Type
620 -AM (Ports ',le Mod I), $555.

estigate this frequency meter, monitor and calibrator. It may be the answer
to your frequency monito ing problem.

Write lOr Bulletin 1234 or  cmplete data

GENERAL RADIO 1 'OMPANY
-30 STATE STEET, CAMBRIDGE, MASSACHUSETTS

New York Los Angeles Sun Francisco
General Radio employs sum -hundred and seven persona in its factory, laboratory and ea,arnarrial

departments at Cambridge. Its factory occupies over seventy -jive thousand
square feet of floor space.

OE ',ROE BANTA PUBLISHING COMPANY, MENASHA, WISCONSIN


