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APPLICATIONS FOR MEMBERSHIP

Applications for transfer or election to the various grades of membership
have been received from the persons listed below, and have been approved by the
Committee on Admissions. Members objecting to transfer or election of any of
these applicants should communicate with the Secretary on or before January
30, 1933. These applicants will be considered by the Board of Directors at its
meeting on February 1, 1933.
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Kingsport, 1366 Catawba St...................... .. Stout, G. P.
Ashfield, N.S.W., Rectory Ave...................... Turner, O. C.
East Sydney, N.8.W_, ¢/o Thom & Smith, 55-57

Dowling St.. ... cvveineiiii i Thom, F. W. P,
Gladesville, N. 8. W,, 18 Batemans Rd.. ... .......... Bushby, T. R. W.
Mission City, B.C.,,Box439........................ Lockley, W. A.
Quebec, P. Q., 43 Artillery St.. .. ................... Frenette, C.
Sarnia, Ont., 110 Davis St.......................... Wilson, B.
Vancouver, 6288 Sperling 8t.. ... ................... MecCallum, B. C.
Copenhagen, 77 Bredgade. . ........................ Schiodte, E. J.
Hornchurch, Essex, 268 Ogsborne Rd.. . . ............. Lancaster, E. S.
Washington, Co. Durham, Coxgreen................. Troupe, A
Budapest, Muegyetem . ................... ...t Babits, V.
Dublin, Clavadel, Claremont Rd., Sandymount. . .....Armstrong, A. R.
Milan, 34 v. Filippino Lippi..................... .Jervis, E. R.
Kumamoto City, ¢/o JOGK Broadcasting Station .Tokushima, G.
Matsue, ¢/o0 JOJK Broadeasting Station. . ........... Tsuno, J
Sendai, Elec. Eng. Dept., Tohoku Imperial University . Uda, S.
Auckland, P.O. Box 390....... ... ... . ... Edwards, S
Wellington, New Zealand Broadcasting Board. .. .....Smith, J. R
Lima, Wilson 500, Box 2679, ....................... Gallo, G.

Grangemouth, Stirlingshire, ‘‘Avondale,” Bo'ness Rd...Birch, A.

For Election to the Junior Grade

TLos Angeles, 179 W. 40th PL.. . . ... .. ... .......... Bensussen, N.
Lynchburg, Route 1, Box 138....................... Williams, R. L.
Wellington, ¢ /o Messrs. Green & Dixon, 35 Taranaki St.. Roberts, A.

For Election to the Student Grade

Atlanta, 745 Virginia Ave. N.E..................... Godinez, S. H.
Cambridge, Box 292, M.I.T. Dormitories . ........... Allen, H. E., Jr.
Cambridge, Box 245, M.I.T. Dormitories............. Bell, J. S.
Cambridge, Lowell House K-42..................... Ireland, F+v
Syracuse, 833 8. Crouse Ave.. .. .................... Smith, K. B.
Corvallis, 206 N. 7¢h 8t............................ Beckendorf, H. P.
Providence, 62 Hamburg Ave.. .. ................... T.evesque, N. G.
Madison, 207 W, Wasghington Ave.. ................. Lange, R. W,
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INSTITUTE NEWS AND RADIO NOTES

December Meeting of the Board of Directors

The December 7 meeting of the Board of Directors was held in the
office of the Institute and was attended by President Cady, Melville
Eastham, treasurer; R. H. Manson, Alfred N. Goldsmith, Arthur
Batcheller, ‘0. H. Caldwell, J. V. L. Hogan, H. W. Houck, L. M. Hull,
C. M. Jansky, Jr., R. H. Marriott, E. L. Nelson, A. F. Van Dyeck,
William Wilson, and H. P. Westman, secretary.

Twenty-one applications for the Associate grade and four for the
Student grade of membership were approved.

Approval was granted to a request for the holding of a Rochester
Fall Meeting on November 13, 14, and 15, 1933.

Continuation of the affiliation of the Rochester Section of the Insti-
tute with the Rochester Engineering Society was approved.

A report of the Standards Committee, which is the result of the

" work of that body and its several technical committees during the past

two years, was approved with a few minor items which were referred
back to the committee for final consideration.

A proposed budget for 1933 was considered and with certain modi-
fications was suggested to the new Board of Directors which will meet
in January. In order to reduce expenditures during 1933, it was recom-
mended to the new Board that no New York meeting of the Institute
be held in June as the national convention will be held during that
month. The possibility of dispensing with the September meeting was
also considered, but no definite recommendation made.

No Year Book will be published in 1933. It was felt that changes
are being made in the location of members at such a rapid rate as to
make a catalog of membership, which is the basis of the YEAR Boox,
of little value in proportion to the substantial expense which its publi-
cation involves. '

The Standards Report, which will be published early in 1933, will
not be forwarded to all members as in the past but will be forwarded
only to those members who request same. A slip to be returned to the
secretary by those desiring copies of the Standards Report will be in-
cluded in a future issue of the PROCEEDINGS.’

Rochester Fall Meeting

The Rochester Fall Meeting, which was held on November 14 and
15, was attended by 188 of whom 110 were not residents of Rochester.

3




4 Institute News and Radio Notes

Those present represented sixty-even companies in the industry and
nine educational or governmental institutions. They came from four-
teen states and Canada.

The two-day meeting was devoted entirely to the presentation of
the technical papers which were listed in the November PROCEEDINGS.
It was felt that the meeting was extremely successful and maintained
the standard which had been set up by the past Rochester Fall Meet-
ings.

Radio Transmissions of Standard Frequencies

The Bureau of Standards transmits standard frequencies from its
station WWV, Washington, D.C., every Tuesday. The transmissions
are on 5000 kilocycles. Beginning October 1, the schedule was
changed. The transmissions will be given continuously from 10 a.m.
to 12 noon, and from 8:00 to 10:00 p.mM., Eastern Standard Time.
(From April to September, 1932, the schedule was from 2 to 4 P.M.,
and from 10 p.M. to midnight.) The service may be used by trans-
mitting stations in adjusting their transmitters to exact frequency,
and by the public in calibrating frequency standards, and transmitting
and receiving apparatus. The transmissions can be heard and utilized
by stations equipped for continuous-wave reception through the
United States, although not with certainty in some places. The ac-
curacy of the frequency is at all times better than one cycle (one in
five million).

From the 5000 kilocycles any frequency may be checked by the
method of harmonies. Information on how to receive and utilize the
signals is given in a pamphlet obtainable on request addressed to
the Bureau of Standards, Washington, D.C.

The transmissions consist mainly of continuous, unkeyed carrier
frequency, giving a continuous whistle in the phones when received
with an oscillatory receiving set. For the first five minutes there are
transmitted the general call (CQ de WWYV) and announcement of the
frequency. The frequency and the call letters of the station (WWV) are
given every ten minutes thereafter.

Supplementary experimental transmissions are made at other
times. Some of these are made with modulated waves, at various modu-
lation frequencies. Information regarding proposed supplementary
transmissions is given by radio during the regular transmissions, and
also announced in the newspapers.

The Bureau desires to receive reports on the transmissions, es-
pecially because radio transmission phenomera change with the season
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of the year. The data desired are approximate field intensity, fading
characteristics, and the suitability of the transmissions for frequency
measurements. It is suggested that in reporting on intensities, the
following designations be used where field intensity measurement ap-
paratus is not used: (1) hardly perceptible, unreadable; (2) weak,
readable now and then; (3) fairly good, readable with difficulty; (4)
good, readable; (5) very good, perfectly readable. A statement as to
whether fading is present or not is desired, and if so, its characteristics,
such as time between peaks of signal intensity. Statements as to type
of receiving set and type of antenna used are also desired. The Bureau
would also appreciate reports on the use of the transmissions for pur-
poses of frequency measurement or control.

All reports and letters regarding the transmissions should be ad-
dressed to the Bureau of Standards, Washington, D.C.

Proceedings Binders

Binders for the ProceEDINGS, which may be used as permanent
covers or for temporary transfer purposes, are available from the Insti-
tute office. These binders are of handsome Spanish grain fabrikoid, in
blue and gold. Wire fasteners hold each copy in place, and permit re-
moval of any issue from the binder in a few seconds. All issues lie flat
when the binder is open. Each binder will accommodate a full year’s
supply of the PROCEEDINGS, and they are available at one dollar and
seventy five cents ($1.75) each. Your name, or PROCEEDINGS volume
number, will be stamped in gold for fifty cents (50¢) additional:

Committee Work
BroapcasT COMMITTEE

A meeting of the Broadecast Committee was held at 7 p.M. on Tues-
day, December 6, at the Institute office. Those present were E. L.
Nelson, chairman; Arthur Batcheller, Q. A. Brackett, (representing
H. F. Dart), J. V. L. Hogan, C. W. Horn, C. M. Jansky, Jr., L. F.
Jones (representing B. R. Cummings), R. H. Marriott, and H. P.
Westman, secretary.

The committee agreed to prepare an analysis of the present broad-
cast situation as it concerns the relative number of clear channels and
regional channels, pointing out the advantages and limitations of both
types of services. The preparation of such an analysis was started, and
some tentative drafts discussed in detail.
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Some proposed performance requirements for broadeast transmit-
ters were submitted and distributed to the members for further action
at the next meeting.

It was felt desirable to include in the list of matters to be studied
the subject of the geographical placement of high power broadecast
stations in relation to the densely populated areas they are intended to
serve. '

MeMBERsHIP COMMITTEE

The Membership Committee meeting, scheduled for 5:30 .M. on
December 7 at the Institute office, was attended by H. C. Gawler,
chairman, and A. M. Trogner who prepared a statement covering the
activities of the committee during the past year.

Institute Meetings
. BurraLo-N1aGarRA SECTION

A meeting of the Buffalo-Niagara Section, held on November 23
at the University of Buffalo and presided over by V. C. MacNabb, was
attended by forty members and guests.

The evening was devoted to a paper on “The Manufacture and Use
of Carbon Resistors,” which was presented by L. M. Perkins, chief
engineer of the Irie Resistor Corporation.

Mr. Perkins presented a brief history of the development of re-
sistors used for radio receiving purposes and described the construction
of wire wound resistors, film or filament resistors, such as those made
from ink and pencil marks, and molded composition resistors made by
baking or casting a mixture of finely divided particles of resistance ma-
terial, filler, and binder. Engineering and manufacturing advantages
and limitations of the different types were given. It was pointed out
that the resistance of carbon type units resided chiefly in the contacts
between particles of carbon rather than within the particles. The varia-
tion of resistance due to age, variations in ecurrent and voltage, fre-
quency, moisture, and temperature was covered. .

A number of these characteristics were shown by graphs, and a
cathode ray oscillograph was employed to illustrate these effects upon
various types of resistors. At the close of the presentation, a general
discussion was held.

CHIcaGo SEcTION

The Chicago Section held a meeting on October 14 in the meeting
room of the Western Society of EEngineers which was presided over by
R. M. Arnold, vice chairman.
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K. W. Jarvis of the Zenith Radio Corporation, presented a paper
on “Intercarrier Noise Suppression Circuits in Radio Receiving Sets.”

The introductory portion of the paper pointed out that the in-
creased sensitivity of modern radio broadeast receivers employing auto-
matic volume control resulted in their appearing to be noisy, especially
when tuned between station carriers. The possibilities of using mute
switches requiring a visual method of indicating resonance and methods
automatically disconnecting the audio system when the tuning knob
is operated were outlined.

The author then discussed the use of automatic silencing of the
audio system through circuits controlled by the automatic volume con-
trol tube. Several such arrangements were shown, each based on ampli-
tude of signal input. A second group of methods was illustrated in
which a cut-off of the audio channel was based on a specific degree of
detuning from the carrier. The functions of these two groups, ampli-
tude control and frequency control, were then combined in a third
group of circuit arrangements. Indication was made of the possible
usages of relays and thyratron tubes as well as the more conventional
method of overbias. Certain limitations regarding fading, criticalness
of tuning, and general acceptibility of performance closed the paper
which was discussed by Messrs. Arnold, Hucks, Vance and others of
the 125 members and guests in attendance.

CINCINNATI SECTION

At the University of Cincinnati on November 22 was held a meet-
ing of the Cincinnati Section. C. E. Kilgour, chairman, presided.

Before introducing the speaker of the evening, the chairman pre-
sented a short résumé of the Rochester Fall Meeting and the papers
presented at it.

J. M. Glessner of the Crosley Radio Corporation then presented a
paper on “Some Further Notes on Diode Detectors” which had been
delivered by the coauthor, Mr. Kilgour, at the Rochester I"all Meeting.
The paper was discussed by Messrs. Felix, Israel, and Osterbrock.

Thirty members were present at this meeting.

DETROIT SECTION

H. L. Byerlay presided at a joint meeting of the Detroit Section and
tbe I).etr01t Engineering Society which was held in the Detroit En-
gineering Society auditorium on November 18. The attendance totaled
110.

“Engineering Radio Receivers for the User” was the subject of a
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paper by Virgil M. Graham of the Stromberg-Carlson Telephone Man-
ufacturing Company. '

The speaker outlined a number of useful operating characteristics
which should be possessed by an ideal receiver for broadeast reception,
and pointed out the difficulties which are many times encountered in
specifying these requirements. A number of undesirable characteristics
which are many times found in receivers were described together with
methods employed in their elimination or reduction. A general discus-
sion followed the paper.

Los ANGELES SECTION

E. H. Schreiber presided at the November 15 meeting of the Los
Angeles Section held at the Mayfair Hotel.

The subject of the meeting was “The Technical Application of
Vacuum Tubes,” and papers were presented by C. R. Daily of Elec-
trical Research Products, Inc., and J. F. Blackburn, consulting physi-
cist. Dr. Daily described the development of the Western Electric 262-
A tube for alternating-current operation for high gain speech amplifier
equipment. He outlined the advantages of high-voltage low-current
filaments as contrasted with low-voltage high-current operation. Isola-
tion of the grid lead from the filament and plate leads and shielding of
the cathode were pointed out as being important factors in quiet opera-
tion of this tube.

The second paper by Dr. Blackburn covered several vacuum tubes
not commonly used in communication work. These included cold and
hot cathode tubes, hot cathode mercury vapor rectifiers, voltage regu-
lating tutes, and thyratrons. Data were supplied for some of the tubes
described, and a cathode ray and a thyratron tube were on display.

Fifty-five members and guests attended the meeting, seventeen
of which were present at the informal dinner which preceded it.

NEW YoOrRK MEETING

The regular New York meeting was held on Decémber 7 in the
Engineering Societies building and was presided over by President
Cady.

F. M. Ryan of the Bell Telephone Laboratories presented a paper
on “Some Recent Advances in Radiotelephone Equipment for Trans-
port Airplanes.”

The author pointed out that commercial air transportation in the
United States has experienced a very rapid expansion during the past
five years. In this era of expansion, an important réle has been played
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by radiotelephony, which, by providing contact between transport air-
planes and ground, has contributed much to safety and reliability.

To keep step with the advance in air transportation, radio practice
has undergone changes as great as those which have taken place in the
field of aeronautics during the same period. The result has been the
production of highly developed radio equipment especially adapted to
the needs of air transportation, and differing radically in design from
conventional types of radio apparatus.

The equipment described was the most recent step in a continuing
development program which has resulted in the design of new two-way
radiotelephone apparatus for transport airplanes embodying many un-
usual features such as rapid frequency-change facilities, crystal control
of both transmitter and receiver, and automatic gain control.

The meeting was attended by 250 members and guests, a number
of whom participated in the discussion which followed the presentation
of the paper.

PHILADELPHIA SECTION

The Philadelphia Section held its November meeting on the 3rd
at the Engineers Club. The meeting was presided over by Chairman
H. W. Byler. _

Two papers were presented, the first on «Studio and Remote Speech
Equipment,” by W. L. Lyndon of the RCA Victor Company, and the
second on “Fifty-Kilowatt Installation at WCAU in Philadelphia,” by
J. E. Love of the RCA Victor Company.

Mr. Lyndon’s paper dealt with the studio and speech equipment
installed in the new studio building of WCAU in Philadelphia. He was
followed by Mr. Love who described the new fifty-kilowatt transmitter
located at Newtown Square. He also described briefly the new short-
wave transmitter W3XAU which has recently been installed.

Following the presentation of the papers, J. G. Leitch, Technical
Director of WCAU, extended an informal invitation to those present to
visit the transmitter and the meeting was adjourned to Newtown
Square. The Philadelphia Police Department cooperated in the hand-
ling of the problem of convoying the caravan of ninety-three automo-
biles which were on hand to transport the members to the station.
Parking regulations at the Engineers Club were suspended and a police
escort was on hand to facilitate the movement of this large group of
cars through the city. Upon arrival at Newtown Square, Mr. Leitch
conducted the party and groups to the station which was housed in a
building of modernistic design containing every facility required by a
modern transmitter. The section is indebted to the owner and person-
nel of WCAU for making possible this enjoyable and instructive visit.
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Three hundred and four members and guests were present,

The Philadelphia Section has announced its program of meetings
for the first five months of 1933. These are given below:
January 5, 1933
“Aireraft Radio, Its Growth and Future,” by Harry Diamond of the
U. S. Bureau of Standards.
February 2, 1933
“Electric Carrillon,” by E. B. Paterson of RCA Victor.
March 2, 1933
“RCA Communications Network ”
April 6, 1933
“University Night”
May 4, 1933
“Short-Wave Directional Antennas”

Pirrssurcn SkcTion

A meeting of the Pittsburgh Section was held on November 22 at
the University of Pittsburgh. It was presided over by Chairman R, T,
Griffith, and the attendance totaled eighty-five.

A. E. Ruark of the Physics Department of the University of Pitts-
burgh presented a paper on “Modern Methods for the Study of Radio-
active and Cosmic Rays.”

Dr. Ruark outlined the history of the various methods used in the
detection of individual particles and rays emitted by radioactive sub-
stances. Starting with the Wilson cloud chamber, the speaker interest-
ingly described the advancement made in this type of apparatus, until
at the present time radio technique and vacuum tube cireuits are being
used to supplement these earlier methods,

The speaker described in detail the theory and circuits of vacuum
tube electroscopes and electrometers illustrating with models and slides
the ingenious tubes and circuits developed for use in conjunction with
various counters for the detection of the beta and gamma rays or
cosmic ray effects.

After the adjournment of the meeting, a number of the laboratories
in which extensive research equipment was in operation were opened
for general inspection,

SAN I'RANCISCO SECTION

The November meeting of the San Francisco Section was held
jointly with the local section of the American Institute of Illectrical Kn-
gineers at the University of California. The meeting was presided over
by the A.I.LI.. . section chairman, . F. Maryatt.

“Experimental Methods of Atomic Disintegration” was the subject
of a paper by O. . Lawrence of the Physics Department of the Univer-
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sity of California who was introduced by Dr. Fuller of the University
of California who is also a member of both the I.R.E. and the A.L.LE.E.

Dr. Lawrence in his well-illustrated lecture discussed several meth-
ods used at the University of California for the production of high
speed ions without the use of high voltages. A description was given
of the recent experiments by means of which lithium has been dis-
integrated into helium, utilizing bombardment with high speed ions.
A demonstration in the Radiation Laboratory followed the lecture, and
it was shown that by the use of a very strong magnetic field, ions could
be produced having a velocity of motion equal to that which would be
imparted to them by a potential of 4,200,000 volts. A new and ex-
tremely powerful device for the production of X-rays was also shown.

The meeting was attended by 350 members and guests of both so-
cieties.

WASHINGTON SECTION

On November 10 a meeting of the Washington Section was held at
the Kennedy-Warren Apartment Hotel. H. G. Dorsey, chairman of the
section, presided, and the attendance totaled sixty.

The paper of the evening “Cathode Ray Tubes—Their Characteris-
ties and Applications” was presented by A. B. DuMont. This paper
appeared in the December, 1932, issue of the PROCEEDINGS.

Personal Mention

Lieutenant G. J. Crosby, U.S.N., has been transferred from the
U.S.S. Memphis to Balboa, C. Z.

Formerly with the Delco-Remy Corporation, H. C. Forbes has
joined the engineering staff of the U.S. Radio and Television Corpora-
tion, Marion, Ind.

J. F. Blackburn, previously at the California Institute of Tech-
nology, has established a practice as a consulting physicist.

Formerly with RCA Vietor Company, Peter Caporale is now con-
sulting engineer for the Electro-Acoustical Engineering Company of
America in Philadelphia.

L. . Carter, formerly with United Research Corporation, is now
doing consulting work with headquarters at Laurelton, L. 1., N. Y.

Lieutenant L. R. Daspit, U.S.N., has been transferred from the
U.8.8. Childs to the Submarine Base at New London, Conn.

Previously with Wired Radio, R. J. Davis has joined the engineer-
ing department of the DeForest Radio Company of Passaic, N. J.

I". H. Engel has left the Hygrade Lamp Company to join the Engi-
neering staff of the RCA-Radiotron Company at Harrison, N. J.
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Formerly with Les Laboratories Standard of Paris, W. T. Gibson
has become chief valve engineer for Standard Telephones and Cables,
London, England.

Major G. W. Graham, U.S.A_, has been transferred from Savannah,
- Il to the Army War College at Washington, D.C.

Previously with Gray and Danielson Manufacturing Company, A.
H. Hart has joined the staff of Mackay Radio and Telegraph Company,
San Francisco, Calif.

A. H. Hotop is now with the DeForest Radio Company of Passaic,
formerly being connected with Wired Radio.

Previously with the United Air Cleaner Corporation, H. J. Kayner
has joined R. H. G. Mathews and Associates of Chicago, Ill.

Formerly with the National Sound Service Bureau, H. J. Kempf is
now connected with the Ashland Laboratories of Chicago.

M. W. Kenney has left the Allen-Bradley Company to become chief
engineer of the Grunow Corporation of Berwyn, IlI.

H. S. Knowles has been advanced to chief engineer of the Jensen
Manufacturing Company.

C. J. LeBel is now doing consulting work having previously been
connected with the Hygrade Sylvania Corporation.

Formerly with Bell Telephone Laboratories, H. W. Lederhaus has
established the firm of H. W. Lederhaus and Company at Jackson
Heights, L.I., N. Y.

Previously with Electrical Research Products, Nathan Levinson,
has become director of recording for Warner Brothers-First National
Studios at Burbank, Calif.

W. A. McCutcheon formerly with the Western Electric Company
in Sydney, Australia, is now with Electrical Research Products in
Buffalo, N. Y.

Previously with Les Laboratories Standard of Paris, D. B. Mirk
has become a radio engineer for Standard Telephones and Cables in
Hendon, England.

H. B. Nielson has joined the engineering department of the U.S.
Radio and Television Company of Marion, Ind., formerly being with
the Brunswick-Balke-Collender Company.

Previously with Transcontinental Western Air, T. E. Nikirk has
become an instructor for the National Radio and Electrical School of
Los Angeles, Calif.

E. E. Parisek previously with P. R. Mallory and Company has be-
come chief engineer of Premier Electric Company of Chicago.

Formerly with Atwater-Kent Manufacturing Company, S. W.
Place is now connected with the Synthane Corporation of Oakes, Pa.
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J. H. Pressley has been advanced to the vice presidency of the
U. S. Radio and Television Corporation.

Formerly with the Television Manufacturing Company of America,
Morris Rappaport has joined the staff of the Electronic Engineering
Corporation, Long Island City, N. Y.

L. B. Root formerly with General Amplifier Company has become
an instructor in the Samuel Curtis Radio School of Boston, Mass.

F.J. Smith, inspector for the Federal Radio Commission, has been
transferred from Detroit, Mich., to Buffalo, N. Y.

Captain J. A. Stansell, U.S.A., has been transferred from New Ha-
ven, Conn., to Fort Monmouth, N. J.

A. W. Steinberger is now with the General Instrument Corporation
of New York City having previously been on the staff of the Rudolph
Wurlitzer Manufacturing Company.

Lieutenant T. T. Teague, U.S.A., is now on the faculty of the Sig-
nal School at Fort Monmouth, N. J. He was formerly in the telegraph
service at Ketchikan, Alaska.

Previously with International Standard Electric Corporation, A. E.
Thompson has become technical director of ‘Creed and Company,
Lmited, of Croydon, England.

W. H. Troutbeck has left Standard Telephones and Cables to be-
come technical director of Centralized Sound Apparatus Company of
London, England.
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TECHNICAL PAPERS (

AN OSCILLATOR HAVING A LINEAR
OPERATING CHARACTERISTIC*

By

L. B. ARguiMBAU
(General Radio Company, Cambridge, Mass.)

Summary—A review of conventional linear equilibrium conditions is given.
Itis shown that these conditions are nol usually at all applicableto practical oscillators
because the operating region is not to be so simply described. The relation of nonlinear
effects to frequency modulation is pointed out. A modified type of oscillator which con-
Jorms to the elementary linear conditions ts described and its properties are discussed.
The results are applied to a conventional grid leak and condenser oscillator to explain
tts modulating characteristics. The simplicity of the new circuit permits a discussion
of amplitude inertia effects.

NY attempt to obtain an equilibrium condition for the usual
type of oscillating vacuum tube circuit leads to a rather im-

posing set of equations. Reduced to its lowest terms, such a
problem really requires the solution of a system of simultaneous linear

o
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Fig. 1—Tuned amplifier circuit. For simplicity in this and in the following
figures, the plate battery is omitted.

differential equations connected with the fixed cireuit elements, to-
gether with the empirical equations for the tube itself. Even worse
than this, to satisfy one’s mathematical scruples, it might be necessary
to investigate rather elaborate boundary conditions, also the unique-
ness of the solution. This program is usually too ambitious to be at all
useful.

One of the commonest methods of evading the difficulty consists
in arguing by analogy to the ordinary linear electrie circuit theory, re-

* Decimal Classification: R133. Original manuscript received by the Insti-
tute, July 5, 1932. Presented before U.R.S.I., Washington, D. C., May 1, 1931.
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placing the plate circuit of the tube by its so-called internal resistance.
In the first part of the present paper, it is planned to do this, pointing
out that the method really dodges the main issue of establishing equi-
librium. After this review, a simplified oscillator circuit will be ex-
hibited in which the simple analogy is truly applicable. Later the meth-
ods developed in this ideal case will be applied to explain the operation
of the grid leak and condenser oscillator.

1. ReviEw oF EQUILIBRIUM CONDITIONS FOR CONVENTIONAL
OSCILLATOR!

Fig. 1 shows a typical tuned amplifier circuit. It will be shown that
the linear equilibrium conditions for an oscillator such as that shown
in Iig. 2 can be very readily derived from the amplifier circuit. In all

1 e

Fig. 2—The circuit of Fig. 1 has been connected as an oscillator.

of the following, unless otherwise stated, it will be assumed that the
conductive grid impedance is infinite. (In the circuits to be discussed
under Parts 2 and 4, this is realized since normally no grid current
flows.)

If the input is very small, the voltage amplification of the amplifier
can be written down quite readily.? For a given tube and load circuit,
the gain will depend upon the plate resistance and hence upon the grid
and plate biases; in the present case it will prove most convenient to
consider the gain as a function of the grid bias alone, the other factors
being held constant. If a suitable bias is chosen and the resonant fre-
quency is applied, the output e, will be exactly equal to the input e,
in both phase and amplitude. When this condition has been obtained
it might appear possible, as in Fig. 2, to disconnect the generator from
the input, replacing it by the amplifier output. Since no change is ap-
parent, the circuit might be expected to function as before. In practice,

! See J. W. Horton, “Vacuum tube oscillators—a graphical method of analy-

gis,” Bell Sys. Tech. Jour. vol. 111, pp. 508-524; January, (1924), for a more gen-
eral treatment.
2




16 Arguimbau: Osctllator Having a Linear Operating Characteristic

however, it is very difficult, if not impossible, to realize these condi-
tions. Unless extreme precautions are taken the circuit either ceases
to function or builds up very violently in amplitude until the tube
overloads; i.e., over the operating region the plate current does not
vary at all linearly with plate and grid voltages.

The difficulty lies in the type of equilibrium stability. It usually
happens that the effective resistance of the tube at low signal intensi-
ties varies very slowly with amplitude. This is because the change in

LT~
// \\
’ Ay
Y
ﬂ/l [ S
va A
\
’ o=
/ e
7 a \
‘ \
/_/- pm— - \
-7 N ~
/’I : /\\\ \\
' N \

Fig. 3—Effect of second harmonic on impedance to fundamental.

effective resistance depends only on 31d, 5th, and higher odd-order
terms in a series expansion, not upon the lower terms. In case the re-
sistance increases with amplitude, equilibrium can be established at low
intensities, but adjustments become exceedingly critical. In the other
case where the effective resistance decreases with amplitude, it is not,
possible to establish a stable equilibrium state at small amplitudes;
the tube must overload.

These critical equilibrium conditions which usually mean that an
oscillating vacuum tube is completely nonlinear, make the operation
somewhat complicated. Even if grid current is neglected it is neces-

bty
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sary to discard the picture of a fixed equivalent plate resistance de-
fined by partial derivatives. In fact, it is plain that the impedance
used in the above derivation should be defined as the vector ratio of
the fundamental components of voltage and current. (In the case of a
three-element vacuum tube, the definition must be modified to take
into account the equivalent plate-circuit voltage corresponding to the
grid swing.) When the plate voltage and current wave form are badly
distorted (in practice the plate current often drops to zero for an ap-
preciable portion of the cycle), this somewhat artificial definition has
little connection with the static constants of the tube.

This whole problem has been outlined in a paper by Dr. Peterson
of the Bell Telephone Laboratories.3 A physical picture of one of the
difficulties can be obtained from a careful study of Fig. 3. Due to the
reactance offered by the resonant circuit to the second harmonic, a
voltage wave of the type shown by curve e might be expected. The
curve ¢; shows the fundamental component of the wave. Impressing
the first curve on a parabolic characteristic the wave 7 is obtained, the
fundamental component being given by the dotted curve. It will be
noticed that there has been a shift in phase between the fundamental
components of voltage and current. A consideration of these curves
from the viewpoint of the integrating method of evaluating Fourier’s
coefficients gives a rather clear picture of the process.

Phase shifts of this nature in the case of an oscillator must be com-
pensated for by corresponding shifts in the frequency, shifts enabling
the tuned -circuit to operate slightly off resonance. Since the amount
of the phase shift will depend on the amount of distortion and hence
upon the grid and plate voltages, one cause of frequency modulaton
becomes quite apparent. In case the coupling coefficient between the
windings of the oscillator coil is small, the impedance offered to the 2nd
harmonic by the leakage reactance may be much larger than the react-
ance of the condenser, and thus increase frequency modulation.

II. AN OsciLLaTor HAVING A LINEAR OPERATING CHARACTERISTIC

It has been seen in the above that the essential difficulty in ex-
plaining the action of the usual type of oscillator lies in the fact that
no noneritical stable equilibrium can be established unless the tube
is permitted to operate over a thoroughly nonlinear region, a condition
which is incompatible with ease of computation, and introduces the
cffects which have heen reviewed. If it were possible o set up an oscil-

: Kugene Peterson, “Impedance of a non-linear circuit element,” Trans.

A.I.LE.E., vol. 46, pp. 528-534; May, (1927). Much of the present discussion con-
cerning phase shifts is hased on the ideas in this paper.
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lator whose damping increased rapidly with increases in amplitude,
preferably linearly at low intensities, the difficulties would be over for
everything would be readily calculable, and the tube would funection
linearly without the distortional troubles.

An oscillator realizing these conditions is shown schematically in
Fig. 4. It will be noticed that the sole change is the substitution of an
amplitude controlled bias for the C battery. (By the use of a crest-
type rectifier,* it is quite easy to obtain a steady voltage which is ac-
curately proportional to the applied swing.) For the present purposes
such a system may be described as an oscillator whose bias may be
chosen as any constant multiple of the grid or plate oscillating voltage.

In order for the tube to oscillate without appreciable distortion,
the grid bias must correspond to the equilibrium value of plate resist-
ance required by the simple linear theory. If the oscillator were to be
started artificially with a low amplitude, the bias provided by the recti-

i
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Fig. 4—A circuit with grid bias a function of amplitude of oscillations.

fier would be small, perhaps smaller than the equilibrium value. In this
case, the equations of the circuit would indicate an exponentially in-
creasing solution; the amplitude would increase as long as the bias cor-
responded to a lower resistance than the equilibrium value. On the
other hand, if the amplitude were increased above this value, arti-
ficially, the increased rectifier output would give rise to a plate resist-
ance higher than the value for equilibrium and as a result the oscilla-
tions would be damped down to the previous value.

An apology may be necessary for the following, but the quickest
and perhaps the clearest way of describing the action of the circuit can
be had in the discussion of a typical numerical example. Consider the
circuit shown in Fig. 4. Here, as a typical case, it may be assumed that
a vacuum tube with an amplification constant of 8, operating with a
fixed plate battery of 180 volts, is connected with a tuned transformer
having a plate-to-grid turns ratio of 4:1. An antiresonant impedance
of 7500 ohms is assumed for the plate coil. A simple calculation will

¢ Seee.g. C. H. Sharp and E. D. Doyle, “Crest voltmeters,” Trans. A.1.E.E.,
vol. 35, pp. 99-107; February, (1916).
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show that in this particular case the plate resistance should be equal
to the tuned circuit value, 7500 ohms. The figures given correspond
approximately to those for a type 112-A tube.

(This can be very readily seen as follows: Start from the plate
winding. A given voltage here will correspond to a grid swing of one-
fourth of this value. Due to the amplification factor of 8, this will appear
as twice the plate swing in series with the internal impedance. This in
turn must be halved by the plate load so that the original voltage is
obtained again; in other words, the internal resistance must be equal
to the plate load of 7500 ohms.)

From the static characteristics of the tube, it turns out that this
plate resistance of 7500 ohms can be obtained by abiasof —15 volts
on the grid. If no biasing battery is used, this means that the output
of the rectifier must be — 15 volts. If, for simplicity, it is assumed that
the coil supplying the rectifier is arranged to make the rectified output
equal to the peak plate swing, this swing must have an amplitude of 15
volts.

‘To sum up: For equilibrium it was found necessary to have a bias
of —15 volts on the grid. This bias in the present case corresponds to a
plate swing of 15 volts so that equilibrium can be established with this
one particular amplitude; any other amplitude would give a transient
solution, and the amplitude would be returned to the stable value auto-
matically.

What would be expected to happen if this equilibrium were dis-
turbed by the arbitrary insertion of an additional bias by means of a
battery, say of —10 volts? The total voltage here, —25 volts, would
correspond to a plate resistance higher than 7500 ohms, and the ampli-
tude would be damped until the net bias returned to the equilibrium
value of —15 volts; in other words, until the output of the rectifier
was —5 volts; that is, until the plate swing was 5 volts. It will be
noticed that a change in grid bias has given rise to a corresponding
change in plate swing.

Suppose that, instead of using a biasing battery of —10 volts, a
positive bias of, say, 415 volts were inserted. Here, for equilibrium,
the rectifier would have to produce a voltage of —30 volts, correspond-
ing to a plate amplitude of 30 volts. Under these conditions, it will be
noticed that the peak grid swing (which is one-quarter of the plate
swing by hypothesis) would be only 7.5-volt, a value which would be
numerically less than the —15-volt bias, so that no grid current will
be drawn.

The next obvious step in the argument consists in replacing the
hiasing hattery by a slowly varying sinusoidal signal. Clearly, the am-
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plitude of oscillation must follow this signal linearly. In other words, a
completely linear oscillator-modulator system has been obtained. If,
in particular, the modulating signal had a peak swing of 15 volts, the
output signal would be linearly modulated up to 100 per cent. It may
be worth pointing out that the fractional modulation is given directly
as the ratio of the peak modulating signal to the rectifier output, a fact
which has been found convenient in circuits for generating standard
modulated signals.

It will be noticed that at no point of this argument has it been re-
quired that the tube should overload. In fact, it is quite easy to make
it operate over a linear region of its characteristics. This means that
there is very little distortion, and due to this freedom from distortion,
the phase shifts previously mentioned are very small, and hence the re-
lated frequency modulation is low.

ITI. ExrPLANATION OF THE CONVENTIONAL GRID-LEAK AND CONDENSER
TyPE oF OSCILLATOR

The operation of a grid-leak condenser oscillator is somewhat similar
to that of the type just described because here again the grid bias is a
function of the amplitude of oscillation. The essential difference be-
tween the two types consists in the nature of this functional relation-
ship. The linear approximations made in the case treated above do not
hold nearly as accurately with a condenser-leak circuit because in the
first case the bias produced by the grid current is not nearly as large
as that which can be obtained in the other case. It will be shown later
that for a close linear approximation the ratio of rectified bias-to-plate
swing should be as large as possible. In many cases the approximation
1s so poor that little similarity can be recognized, and other explanations
are needed. In a grid-leak condenser oscillator, where a very high re-
sistance leak is used and a condenser which offers a negligible imped-
ance to the oscillator frequency, the grid eurrent must be zero because
no appreciable current can flow through a resistance which can be as-
sumed infinitely large. This condition means essentially that the maxi-
mum positive voltage applied to the grid must always be equal ex-
actly to zero, or rather, to the grid current cut-off voltage. Thus, the
algebraic sum of the effective grid bias and the numerical peak swing
must be equal to the grid current cut-off voltage.

On the other hand, in order to obtain linear equilibrium it has been
seen that for a given plate voltage the bias must have a definite value.
If in the previous numerieal example a grid leak and condenser had
been used in place of the external rectifier, a bias of —15 volts would
have been required. Whether this bias was obtained by the grid-current
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drop or by a battery, the condition that the maximum positive grid
voltage must be equal to the cut-off value would necessitate a peak
oscillatory swing of 15 volts. This means that the swing s to a first ap-
prorimation independent of grid bias as long as the grid can swing post-
tive. 1f the bias were more negative than —15 volts, the oscillator
would stop oscillating. Fig. 5a is an experimentally determined charac-
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Fig. 5—Experimental modulation characteristics for grid leak and condenser
oscillator. (Note discontinuities due to I, dropping to zero.)

teristic of this sort. The curve was taken by applying the low-frequency
modulating voltage to the horizontal plates of a cathode ray oscil-
lograph, and connecting the vertical plates to the output of a linear recti-
fier shunted across the tuned circuit. Except for transients at the cut-
off point, the curve follows the argument given. The small slope of the
curve at the right is mainly due to the fact that the grid circuit does
not act as the ideal rectifier which was assumed.
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If an attempt is made to modulate the oscillator in the plate cir-
cuit, the results are quite different. Here the necessary equilibrium grid
bias varies linearly with the plate voltage. Since the grid swing must be
equal to the necessary grid bias, this means that the amplitude will
vary linearly with the plate voltage. On the other hand, if the plate
voltage is decreased until the value of e,+pue, (where e, is now the part
of the bias due to a battery) reaches the equilibrium value, all of the
bias due to grid current must have dropped to zero. In other words,
at this point the peak grid swing has dropped to the value of the grid
biasing battery. Further decreases in plate voltage cannot be compen-
sated for, and the circuit ceases to oscillate, causing a discontinuity
in the modulation characteristics.

Fig. 5b, ¢, and d show the curves obtained by plate modulation
of this sort. The abscissas have been decreased by a factor of u so that
these curves are plotted to the same scale as that of Fig. 5a for grid
modulation when the amplitude is considered as a function of (eptue,).
It will be noticed, as might be expected, that the slope is of a different
order of magnitude. Once more the transients are noticeable near the
discontinuity.

IV. ExTENSION oF SiMPLE THEORY TO INcLUDE NONLINEAR
CorRrRECTION AND DyNaMmic EFFECTS

There are several factors in the study of oscillators which are usu-
ally annoyingly complicated, but which can be treated with relative
ease under the present conditions. In the first place, frequency modula-
tion is more readily explained, since many disturbing elements have
been removed. A physical picture of this process has been given above,
but an attempt to put this in mathematical form leads to rather com-
plicated results, and so it has been omitted from the discussion.

A second point which should be mentioned is the departure of the
modulation characteristic from linearity due to curvature in the tube
characteristics. In the present case it has been shown that neglecting
relatively small corrections, (which as yet haven’t even been men-
tioned) the amplitude varies linearly with plate and grid biases, even
up to the point where oscillations cease. As a matter of fact, the effective
plate resistance varies somewhat with amplitude. To compensate for
this change in resistance, the effective bias necessary for equilibrium
in one of the “linear” oscillators will vary slightly with amplitude. A
simple calculation will show that if the amplification factor is assumed
constant, and a constant ratio, n,/ np is maintained between the plate
and grid swings, the change in resistance will be a function of [(n,/n,)
w—1] e,. Again it should be noted that this change of resistance de-
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pends only on odd-order coefficients in the series expansion so that it
is independent of the square term. For any particular ratio, n,/n; the
change in resistance due to a change in plate swing from A to B must
he compensated by a shift in grid voltage of, say, E volts. If the ratio
of rectifier output to plate swing is 8, this will mean a departure from
plate output linearity of E/B. 1t follows that the higher the ratio of
rectifier output to plate swing, the more closely will the linear approxi-
mations hold. :

Tt is quite easy and instructive to substitute numerical estimates
or experimental values for the nonlinear compensation values and note
how almost any degree of linearity can be obtained by proper design.
The smallness of the nonlinear correction and the control over it ob-
tained by the plate-to-rectifier ratio should be borne in mind in con-
neetion with the discussion of the conventional grid-leak and condenser
oscillator which has been given above. In connection with this point
it might be added that the amplitude will not change nearly as rapidly
with resonant impedance as in the case of the usual oscillator. This
accounts for the fact that with a properly proportioned linear oscilla-
tor the tuning capacity can be changed by 10:1 with a change of only
about 2 per cent in amplitude.

A third point in which the linear oscillator adapts itself to com-
putation is in the treatment of dynamical modulation, or so-called
“flywheel” effects. These effects are due essentially to the fact that a
tuned circuit does not build up to its full amplitude instantancously
when connected to a source. When the amplitude is plotted as a func-
tion of the modulating voltage over the audio-frequency cycle instead
of a straight line a sort of hysteresis loop results. The arithmetic is
rather cumbersome so that only the essential points will be sketched
helow.

In the case of the linear oscillator it will be desirable to make use of
the physical concept of the instantancous amplitude of an oscillatory
function. (A closely analogous situation is pointed out and treated at
length by Planck.)® The instantaneous amplitude may be deseribed as
the maximum value during any one high-frequency eycle of the oscilla-
tory function: it is assumed that the fractional change in the value of
this maximum from one eycle to the next is very small.

Once the concept has been granted the rectifier output can be con-
sidered as a function of thisinstantancous amplitude, thereby relating
the damping to the amplitude. The introduction of the idea of instan-
tancous amplitude, a quantity which cannot be conveniently expressed

¢ Max Planck, “Wiirmestrahl "5, cl setion + 3
Barth, Leipzig, (1623). rahlung,” 5, chapter 1, section 3, pp. 3-4, J. A.
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analytically, would be expected to give rise to difficulties, and this is
true here. The usual differential equation methods are not directly ap-
plicable to the case of a tuned circuit whose damping is a function of
the amplitude, and it appears more convenient to argue on an energy
basis.

Consider the tuned circuit of Fig. 6. The energy stored by the in-
ductance is $L7,2; that stored by the condenser is 3Ce? Let a be the
“instantaneous high-frequency voltage amplitude;” i.e., the maximum
voltage across the condenser C during the high-frequency cycle con-
sidered. At the time of maximum voltage the condenser current will be

zero so that the inductance current will be equal to that through the
resistance or a/R making the energy stored by the inductance
3L(a?/R?) giving a total energy stored by the resonant circuit of
3(C+L/R»a? The energy stored by the circuit at the next voltage
maximum will be approximately

i L a?
R? 2R
where R is a mean of R during the cycle. (This statement is essentially

only an assumption but a highly probable one.) This expression sug-
gests the equation,

da —a . %)
dt  2(CR + 1) - (
or approximately,
da — a
At 20K
It will be more convenient to write this in the form
de — pZ, a .
dt 20 E ®)

where,
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p is the angular frequency of the oscillations,

7, is the impedance of the antiresonant circuit, and Q is the X/R
ratio of the tuned inductance.

This result describes the action of a tuned circuit with slowly vary-
ing damping. The next step consists in applying this to the oscillator
cireuit. It can be shown on the basis of the linear tube theory that the
oscillator is very nearly equivalent to the simple tuned circuit just
considered. To bring this agreement about the resistance I must be de-
termined by the identities

Zy
R= ————
Zo
1'—017{—
P
(4
Ng )
a=——1
Np

where Z, is the antiresonant impedance of the plate tuned circuit, £, is
the statically determined plate resistance 1/(97,/8e,), and n,/n, is the
grid-to-plate voltage ratio, and u is the amplification factor.

Putting in the requirement that R be infinite when the amplitude
has its steady state value ao, and assuming that the mutual conduct-
ance of the vacuum tube varies linearly with e,+pue,, this reduces to

R = !
oE[J() = B(a — 0]

where £ is the fractional change in 1/R,, for a unit change in grid volt-
age, B is the ratio of the rectifier output to the plate swing, and f(t) is
the modulating grid signal.

Substituting this in (3), there results,

(5)

da - P
Fl = 20 £a [f(t) — Bla — (10)]- (6)
Making the subst.itution
= a/a,,
(v is the fractional amplitude), this becomes,
ra A LA R

a differential equation giving v as a function of ¢{. In particular, if

f(t) = uBa,sin 6 (8)
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where =gt and u is the fractional modulation for infinitely low g, this

becomes,

dvy 1 »p .
Eé = _2_(5 -—q—-ﬂaog'y[(‘y - 1) + M SN 0] (())

The boundary condition, that the function be periodic, leads to serious
practical and perhaps theoretical difficulties when conventional power
series methods are applied to the solution of this equation.

2.0
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Fig. 7—Computed modulation characteristies for a linear oscillator. Modulation
at 25 per cent.

Rewriting the equation in the form

. 1 dy
y=1—pusinf + — — (10)
ky df
when,
1° p
k= ——
20 ¢ Baot

-

suggests the possibility of a method of successive approximations. Set-
ting

there results,
yi=1—psinf (11)

the subscript indicating that the result is a first approximation. Sub-
stituting this result in the right-hand member of (10) there results,
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0
=y — —— (12)
Y2 Y1 e
where, )
vi=1—pusinb
8 = ncos .
Repeating the process,
+ kdv,* + 6% + 1 — M
Y3 = 71 oy (83— k712)

Higher order approximations can be written down after a short amount
of formal work.

(13)

20
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Fig. 8—Computed modulation characteristics for a linear oscillator. Modulation
at 50 per cent.

Figs. 7 and 8 show typical curves corresponding to the expression,
(13). They correspond well with curyes determined experimentally. It
will be noticed that the factor of merit in making dynamic effects mini-
mum is the constant k, which decreases with the ratio of carrier to
modulating frequency, p/q, with the damping of the tuned circuit, 1/Q,
and with the factor Bao¢ which represents the fractional change in plate '
resistance due to a change in grid voltage equal to the rectifier output.

CONCLUSION

It has been seen that an oscillator, where the change in plate resist-
ance is brought about by an automatically shifted bias, conforms closely
to linear theory. Computations show that such an oscillator has high
frequency stability and linear modulating characteristics. It has been
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shown that dynamic effects can be minimized by a proper choice of the
constant, k. In the practical design of an oscillator, a compromise is
usually necessary between freedom from frequency modulation and
freedom from dynamic hysteresis. A desirable solution to both of these
troubles can usually be obtained by choosing a sufficiently high propor-
tionality factor between the rectifier output and the amplitude of
swing. This sharper control of equilibrium conditions is the essential
advantage of the linear oscillator which has been described.
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MEASUREMENT OF THE FREQUENCY OF
ULTRA-RADIO WAVES*

By

J. BarTton Hoac
(Ryerson Physical Laboratory, University of Chicago, Chicago, Illinois)

Summary—An analysis of a particular Lecher wire system whose character=
istic impedance malches its input tmpedance and whose output end 18 short cir-
cuited, has led to an equation permitting the measurement of ultra-radio frequencies
to three significant figures. The method is independent of end effects and has been
applied to a determination of the velocity of propagation along iron wires.

INTRODUCTION

REQUENCY determinations in the short-wave radio range are
Fbased on direet measurements of the position of current or volt-
age nodes and loops along two parallel wires. As customarily
carried out, the distance between successive nodes or loops along the
“Lecher” wires is measured by means of a thermocouple galvanometer.
This distance is equal to half of the wavelength, but the precise loca-
tion of nodes and loops becomes increasingly difficult at the shorter
~ wavelengths. In measurements on the permeability of iron for wave-
lengths below one meter! it was found that greater precision was re-
quired than could be obtained by the usual method. With a view to
b obtaining the requisite precision, an analysis of the particular Lecher
wire system in use was undertaken, and has yielded a practical method
which is accurate to three significant figures.

Let us consider, first, the simple cable theory which has been de-
veloped by many men and which is clearly presented in Page and
Adams’ “Principles of Electricity,” pages 540 to 550. Fig. 1 shows a
generator %, of internal impedance Z, which produces a pure sine wave
voltage and sends current through the Lecher wires of length S which
are terminated by the impedance Z,. This current, whose value is ¢
at a point s centimeters from the source, is the resultant of currents re-
flected back and forth along the wires between the two terminal im-
pedances. The value of 7 varies sinusoidally with time and also varies
| in amplitude along the wires. The latter, amplitude value 7, is given
in (1). If the applied potential is a sine wave, the actual current 7 is
obtained by multiplying equation (1) by e/* and taking the imaginary
part in the usual way.

g

Sp—

I & ‘I)e(:ima.l clagsification: R212. Original manusecript received by the Insti-
tute, September 2, 1932,

! J. Barton Hoag and Haydn Jones, Phys. Rev., vol. 42, p. 571, (1932).
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—[er + er@8-0T 4 erstO DT
+ e Us—ODT? 4 eUStoODATE 4 ... | (1)

The first term in this equation represents the current which leaves the
generator and travels toward the output end. The second term repre-

N ._5 N ___.1

10 ]

. J,

S z,
E=E e
—— 4 ,‘

_—

f “J‘J‘H—I_

Tig. 1—=Standard cable circuit.

sents the current which has been reflected and is returning to the
source. The third represents that reflected from the input end, and so
on. In the equation

E, = the maximum voltage of the generator
Z, = the impedance of the generator

Z, = the characteristic line impedance

= \Z.Z¢,
where,
Z . = the series impedance of one centimeter of the double wires
= R + juwL,

Zc = the parellel impedance of one centimeter of the double wires
= 1/(G + jwC).

R, L, G, and C are the resistance, inductance, parallel conductance,
and capacitance, respectively, per centimeter of the double wires.

= 2xf

= the frequency of the source in cycles per second.
=+—=1

=(Zx — Z20)/(Zi + Zy)

(Zk - Zs)/(Zk + Zs)

= the propagation constant.

R N U W g
|
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=~ VZi/Z:
= —a—j

« = the attenuation constant per centimeter of the Lecher wires

V(RG — w?LC) + V(R? + L) (G* + w?C?)]/2

the phase constant per centimeter of the Lecher wires

©
Il

= V|- (RG — w'LC) + V(R? + ?L)(G? + w’C)]/2
= 2r/N = 27f/v = w/v
A = the wavelength in centimeters in the Lecher wires.

v = the velocity of propagation of the current along the wires.

For nonmagnetic wires, the wavelength X is practically the same as that
of the radiated electromagnetic waves, and the velocity v is nearly the
same as the velocity of light (3 X 10 centimeters per second). IFor iron
wires, both A and v are appreciably smaller.

A SpreciAL CasE—MATcHED INPUT AND SHORT-C'IRCUITED QUTPUT

It is possible, experimentally, to make the input impedance Z, equal
to the line impedance Z,. If this is done D =0, and all terms in (1) drop
out except the first two. This means that the current travels to the out-
put end and is reflected back to the source where it is absorbed. Equa-
tion (1) thus reduces to

1.0 = _E_O_[eva IL 67(23_")T] (2)
80 2Z .

k

In Fig. 2, a magnetron oscillator is used to produce the ultra-radio
frequencies. The system inside the dotted line may be replaced to a
first approximation by a sinusoidal oscillator in series with an input
impedance Z,. This impedance consists essentially of the condensers
¢ and the capacity between the filament f and anode a of the magne-
tron. For the apparatus used this impedance was approximately equal
to the impedance Z, of the parallel Lecher wires WW.

The short-circuiting bridge, as described by Tonks? and shown at B
in Fig. 2, serves as a practically complete short circuit at the output
and thus eliminates the effect of currents induced in the wires to the

right of B and gives complete reflection of the waves. It then follows
that Z,=0, and T'=1, so that

* L. Tonks, “Impedance characteristics of loaded Lecher systems,” Physics,
vol. 2, p. 1; January, (1932).
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4

Eq

5 [ers + ev2zs—o) |, (3)
k

2.aO =

It is obvious that the leakage conductance (¢ may be made neg-
ligible. If we assume that R<wlL, the attenuation « is practically zero,
so that we may take y = —jo.

Then, E,

Z'80 =

[e—fdw + 70 (28—s) ] . (4)

k

Multiplying by €/“t and taking the Imaginary part, gives the actual
current,

t = K;sin (wt — ¢s) + sin (wt — ¢l) (5)
where K is a constant and [ =8 —s.
== “‘%/7 ]
l |
1 l
| [
| e — S >
| —— — —
| ] <. 5 |
| W ——
I .T“; od ch B
| [
I | 9
I l

Fig. 2—Experimental circuit.

As a result of this high-frequency alternating current, an e.m.f. of
amount e will be induced in the short pick-up wire located near the

Lecher wires at s. Since e is proportional to the time rate of change of
the current, we have

¢ = Ky(cos ¢ps + cos pl) cos wt + (sin ¢s + sin ¢l) sin wt  (6)

where K, is a constant. This voltage drives a current(through a rec-
tifier such as the crystal d of Fig. 2. This current may be expressed as
a power series in the following fashion

1, = ae + be + ced 4 - . . (7)
in which a, b, ¢, - - - are constants. The direct-current component of
this current now actuates the galvanometer (¢ while the alternating-
current components are by-passed through a small condenser. Sub-
stituting (6) in (7), it is seen that the terms with odd powers of e yield
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alternating currents. However, since coswt=(1+cos 2wt)/2 and
sinfwt=(1—cos 2wt)/2, the second term, be?, gives the useful direct
current

bK,?

2

(cos ¢s + cos ¢l)? + (sin ¢s + sin ¢l)*. (8)

1, =

Since sin’ps+cos? ¢ps=1, and =S —s, the equation reduces to
1, = K cos? (S — s) (9)

where K is a constant. As previously stated, ¢ =2m/\ in radian meas-
ure. In degrees, ¢ =360/\. Therefore, we arrive at a simple equation

cm.
-

[

ter ﬂe//cc tioms
w -

»
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700
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Fig. 3—Experimental data. Wavelength about 64 centimeters.

between the galvanometer deflections (which are proportional to %,)
and the position S of Tonk’s bridge.
\ 360(S — s)

t, = K cos

(10)

Maximum values occur when 360(S—s)/A=0°, 180°, 360°, etc., the
distances between successive maxima being equal to \/2, as expected.
Since the greatest value of the cosine squared is 1, it is seen that K re-
presents the maximum current in the galvanometer, I,. Then

. 360(S —
1, = I,,cos2(—s)-

(11)




34 Hoag: Measurement of Ultra-Radio Waves

Solving this equation for S, we have

S = s-{-L cos™! 1—0 (12)
360 1,
This equation may be compared to that of a straight line
y=>b+ mx (13)

wheére y corresponds to S, bto s (the y intercept), m to \/360 (the slope),
and x to cos™'v/3,/I,. If then, we plot values of cos~\/1,/I, as ab-
scissas and values of S as ordinates, a straight line should result whose

&m
i5e
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Fig. 4—Replot of Fig. 3. Wavelength=63.81 centimeters.

¥ Intercept would be s and whose slope would be \/360. Therefore, by
plotting in this fashion and measuring the slope of the straight line,
a value of A may be accurately determined which is uninfluenced by
end effects, bridge short cireuit, ete., which are, in a practical case to
be included in s.

REesuLTs
To illustrate this method, an experimental set of values of galva-

nometer deflections are plotted against bridge positions in Fig. 3. These
data, replotted in the manner indicated above, are shown in Fig. 4. as
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the wavy line whose average is a straight line, as predicted. In plotting
Fig. 4, each value of 7, was divided by that value of I, corresponding
to the nearest peak. As will be shown below, a more suitable value of
I, may be deduced from the limiting lines shown in Fig. 3.

It is important that the frequency and strength of the source re-
main constant during the time needed to obtain a complete set of data.
This time may be shortened without undue sacrifice of accuracy by
limiting the data to two peaks at opposite ends of the Lecher wires.
Rougher values may also be obtained from only a portion of one peak,
a distinct advantage over the usual method.

Wavelengths calculated from a complete set of data, as in Figs. 3
and 4, are found to be reliable to three significant figures. The accuracy
is fully ten times that of the usual peak-to-peak method for this ultra-
radio region.

The source was next maintained at a constant frequency and in-
tensity while wavelength measurements were made, first with brass
Lecher wires and then with iron wires. The following are illustrative
values of the wavelengths, in centimeters.

Brass: Ap=63.81, 50.83, 36.13, 22.21
Iron: Ar=63.55, 50.68, 36.04, 22.18

Assuming that the velocity of propagation in the brass is essentially the
velocity of light (2.998 X101 centimeters per second), the velocities in
iron, computed from fAp=2.998X 10" and fAr=0v are 2.986, 2.989,
2.990, and 2.994 X 10 centimeters per second, respectively, for the de-
creasing brass wavelengths above. The frequency of the source is the
same regardless of the metal used in the Lecher wires and is identical
with that of the radiated energy. From the equations just given, we

have the respective frequency values 469.8, 589.8, 829.8, and 1350.
megacycles.

OTHER OPERATING CONDITIONS

In the method for wavelength or frequency measurement presented
above, it has been assumed that the input impedance is exactly equal
to the characteristic impedance Z, of the Lecher wires. In order to
accomplish this, the source, whether of the magnetron type or any
other, might be inductively coupled to the Lecher wires by means of a
suitable coil and condenser system. An approximate calculation for Z,
may be made from the equations given in the Introduction. If the in-
put is not matched with the line impedance but all other conditions
previously described are maintained, it will be found by an analysis
similar to the one presented above, that
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i, = [K;cos? (S — s)|[1 + 2D cos 26| (14)

where K; is a constant and D= (Z,—Z,)/(Z:+Z,). This may be ex-

pressed as
1y = I, cos? ¢(S — s) (15)

where the maximum value, I, = K;3(1+2D cos 2¢s) is seen to vary sinu-
soidally. This probably accounts for the fact that the experimental
points in Fig. 4 gave a wavy, instead of a perfectly straight line.

It was assumed that the attenuation was zero. If this is not true,
the factor o must be included in the equations. If we assume that
we have a matched input, short-circuited output, and negligible
transconductance as before, and that terms in « squared or higher are
very small, we arrive at the equation

iy = [Kicos?¢(S — s)][1 — 2as9]

(16)
= I, cos?¢(S — s)

where K, is a constant. The maximum current I, is here seen to de-
crease as the distance S is increased. This appears in Fig. 3. It would,
therefore, seem more satisfactory that, for a given position S, we choose
the corresponding value of I, from the limiting lines instead of from
the nearest peak. For the case under discussion, terms in (R/wL)*
may be dropped, so that the expressions for o and ¢ in the Introduction
become

=y d VwiLC + o2 17)
= — -_— = .
@ 5 1/ 7 and ¢ w @ (

. The method adopted by L. Sokolow? and by R. Michels* was to
match the output rather than the input end of the Lecher wires. In this

case, (1) reduces to
E,

 Zi+ Z

where a=R/2\/C/L, and the position of the pick-up loop is the vari-
abie. ’

e~ 2as ( 1 8)

L

3 L. Sokolow, Ann der Phys. vol. 83, p. 1136, (1927)..
¢ R. Michels, Ann der Phys. vol. 8, p. 877, (1931).
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FREQUENCY DOUBLING IN A TRIODE VACUUM
TUBE CIRCUIT*

By

CarL E. SmI1TH
(Department of Electrical Engineering, Ohio State University, Columbus, Ohio)

Summary—This paper gives a quantitative analysis of operating performance
of a triode vacuum tube as a frequency doubler. With slight changes this analysis
can be applied to tripling, quadrupling, etc. Three methods of attack have been out-
lined: theoretical analysis, graphical solution, and experimental results. The theo-
retical analysis furnishes a general solution to the problem, from which general con-
clusions as to the best operating conditions can be drawn. The graphical solution
furnishes a simple method by which rapid calculations can be made for a particular
case. The experimental results are valuable for comparison because they give the
actual results of operation.

The primary object of this work has been to investigate the conditions that wtll
give mazimum plate efficiency and consequently the most desirable operating condi-
tions, also keeping in mind that power output and power amplification are important
factors to constder in the practical application of the frequency doubler.

LTHOUGH there are numerous publications on the subject of
A frequency multiplication there are only a very few that treat
the subject quantitatively. Perhaps the most thorough theo-
retical treatment of this subject is that by J. Marique,! which is essen-
tially a graphical analysis. W. Bunimowitsch® has published a very
good article of a practical nature on this subject, and R. Mesny?® has
published a short theoretical analysis which is similar in its method of
attack to the analysis developed in this paper.

Only a simple circuit with an antiresonant tank circuit in the plate
lead tuned to the second harmonic is treated in this article. No doubt
certain changes in the circuit would be advantageous, such as intro-
ducing an antiresonant circuit, of small physical dimensions, in the grid
lead, and coupled to the tank circuit so that the second harmonic will
be fed into the grid circuit in addition to the fundamental which must
always be in such proportion that it will control the frequency in the
tank circuit of the doubler. Another scheme that appears favorable is
to use a double-grid vacuum tube that has symmetrical grids, with re-

* Decimal classification: R357. Original manuscript received by the Insti-
tute, July 25, 1932.

! Jean Marique “Note sur le calcul des etages multiplicateurs de frequence
a triodes,” L'Onde Elecirique. vol. 8, p. 1; January, (1929).
2 Wladimir Bunimowitsch, “Ueber Frequensverdopplung mitElektronenreh-
ren,” Zeit. fiir Hochfrequenz, vol. 35, p. 223; June, (1930).
. *Rene Mesny, “Au subject de la multiplication des frequences par les
triodes,”” 1.'Onde Electrique, vol. 9, p. 18; January, (1930).
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spect to the plate and filament, intermeshed in the same plane. With
these grids connected to the ends of a pick-up coil which is by-passed
from its center to the filament and having an antiresonant circuit in the
plate lead tuned to the second harmonic, the fundamental will be bal-
anced out completely in the plate circuit. This should give a condition
cf high plate efficiency.

THEORY OF DOoUBLER QOPERATION

The frequency doubler operates in many respects like a class C
amplifier. The class C amplifier operates with a grid-bias voltage
greater than the voltage necessary to block the plate current. When
biased this way it can be used as an efficient radio-frequency amplifier
for continuous waves, as well as for a modulator. It has a higher plate
efficiency (direct to alternating-current conversion) than the class A
amplifier which operates on the linear portion of the grid-voltage, plate-
current characteristic. It also gives a higher power output, with lower
gain and has considerable harmonic distortion present.

The essential difference between a frequency doubler and a class C
amplifier is that the tank circuit is tuned to the second harmonic in-
stead of the fundamental. When tuned to the second harmonic, the
tank circuit presents a high impedance load at this harmonic but not
at the fundamental or other harmonies. Consequently, practically all
the power output will be at the second harmonie.

One of the main uses of the frequency doubler, as well as the class C
amplifier, is for transmitting purposes. Besides increasing the power,
the doubler multiplies the frequency and eliminates the necessity of
neutralizing back coupling which is ordinarily present in the radio-
frequency amplifiers. Since piezo-electric quartz crystals, which are
usually used to control the frequency of transmitters, become fragile
when ground for very high frequencies, it is a better policy to select a
crystal that will oscillate at a lower frequency and then, by means of
frequency multiplication in vacuum tube circuits, multiply the fre-
quency to that at which the set is to radiate. .

An advantage when multiplying the frequency is, that under ordi-
nary circumstances, the circuit will not oscillate due to back coupling,
for the plate and grid circuits are tuned to different frequencies. How-
ever, feed-back to the grid circuit through the elements of the vacuum
tube may cause self-excitation if the bias voltage is produced by a low
voltage grid-bias battery or produced by a high grid-leak resistance.
With high bias voltages produced by batteries and operating the vac-
uum tube so that all the sloping portion of the tube characteristic is
utilized, no self-oscillation should be experienced. Feed-back is an ad-
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vantage if it is small and coincides with the natural frequency of the
grid circuit. As mentioned above this condition can be realized if an
antiresonant circuit of small physical dimensions is placed in the grid
lead and tuned to the second harmonic. In any case the feed-back can
be eliminated by neutralization if it becomes objectionable by causing
self-oscillation.

When frequency doublers or class C amplifiers are used for trans-
mitting purposes, it is desirable to have the maximum power delivered
from each tube. Perhaps the most important factor is the plate effi-
ciency, for usually the power output is limited by the heating of the
plate. In addition to this, the cost of direct-current power for the plate
supply becomes quite appreciable for large transmitters, so high plate
efficiency is also an important factor from an economic view point.

With high plate efficiency as the criterion for good operating condi-
tions, it will be worth while to investigate more thoroughly the condi-
tions that will bring it about. The power dissipated at any instant in a

- Lo - -
I S L =
f,mC’oswf c Vi :.t;’" Cos lwt
}- o -Illll|+ | i -||||I'I'I'+ T - i

e sl e e

Fig. 1—Basic circuit.

vacuum tube is primarily due to the product of the instantaneous plate
current by the instantaneous plate voltage. It has been found that for
high plate efficiency, it is desirable to adjust the operating voltages of
the vacuum tube so that the plate current will flow for only part of a
cycle. This plate current flowing through the external load impedance
sets up a voltage across this impedance at the harmonic frequency to
which the tank circuit is tuned, which causes the instantaneous plate
voltage to drop to a minimum when the plate current is a maximum.
Consequently, the average product of the instantaneous plate voltage
by the instantaneous plate current over a cycle is a minimum and the
tank circuit is kept in continuous oscillation even though the energy is
heing supplied in pulses. These conditions are very important for high
plate efficiency.
THEORETICAL ANALYSIS

Fig. 1 shows the basic circuit used in this analysis. Fig. 2 shows a
plot of the grid-voltage, plate-current static characteristics, with the
assumption that they are straight lines. It also shows the instantancous
values of the grid and plate voltages, with the assumption that they
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are sinusoidal and the resultant instantaneous plate current for this
basic circuit. In this particular case the grid voltage never becomes
positive with respect to the filament so the grid current is zero over the
whole cycle.

The assumption that, the static characteristics are straight lines is
due to the fact that it is very difficult to write an exact expression for
the plate current in terms of the grid and plate voltages. Without this
assumption it is very difficult to draw any general conclusions as to the
effect of the various parameters on the plate efficiency and power out-
put. Since the alternating-current grid voltage is usually large enough
to swing over most of the straight portion of the vacuum tube charac-
teristic, there is very little error introduced by neglecting the curvature
near the cut-off point. However, when the maximum value of the in-
stantaneous grid voltage approaches the minimum value of the instan-

“taneous plate voltage this assumption is no longer approximately true,
because the mutual conductance of the vacuum tube becomes a vari-
able for this condition of operation.

The alternating-current grid voltage will actually be sinusoidal if
the output voltage of the driving generator is sinusoidal. If the resistance
in the tank circuit is very small (high-Q circuit) the alternating-current
plate voltage, which depends largely on the second harmonic current
flowing in this circuit, will be essentially sinusoidal. However, if a high
“Q” circuit is not used in the plate lead the damping effect will be ap-
preciable. Thus, the alternate cycles which do not receive energy will
have a decreased amplitude.

In this analysis grid current loss is not considered. In any practical
case it is desirable to keep the grid current as low as possible, and still
maintain good operating conditions. but for highest plate efficiency it
Is necessary to draw appreciable grid current which will help to limit
the maximum power output from the tube.

The filament power is neglected because it ordinarily is not a
parameter to be varied and the power in this form is not as expensive
as the direct-current plate power.

Referring to Fig. 2 it will be noted that the instantaneous grid volt-
age, e,, is the algebraic sum of the grid-bias voltage and the alternating-
current grid voltage, which may be written as follows:

e = — E. + E,, cos (wt). (1)

Referring again to Fig. 2 it will be noted that the instantaneous
plate voltage, e,, is the algebraic sum of the direct-current plate bat-
tery voltage and the alternating-current plate voltage at the double
frequency which may be written as follows:
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e, = Ey — 2Epm cos (2wt). (2)

Since the pulses of plate current, as shown in Fig. 2 are a recurrent
phenonemon the instantancous plate current can be expressed in the
form of Fourier's series. By making the current symmetrical about the
ordinate axis, as shown in IFig. 2, the sine terms will be eliminated and
the equation of the instantaneous plate current becomes:
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Fig. 2—Graphical representation of equations (1), (2), and (6).

i, = o, + Ipm cos (wt) + of,m cos (2wt) + - - -
+ odpm cos (nwt) + - - - . (3)

Where,

oI, = 1/7 f Ow °i,, d (wt) (4)

wt,
wlom = 2/ f 7, cos (nwt) d (wt). (5)
0
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The equation of the instantaneous plate current becomes:

e
ip = Onm {e,,—l——p}.

u

The above equatior may be written:

i, = i \Ey — uE, + uk,, cos(wt) — ol om T cOS(2wt) | . (6)
Tp

Where,

7, 1s the plate resistance of the tube when operated as a
class A amplifier.

r=L/r:C is the load resistance expressed by the well-known
formula.

Equation (6) is true for positive values of the right-hand side up to
the point of saturation, that is, over the straight portion of the static
characteristic, and when the right-hand side becomes negative the in-
stantaneous plate current 7, should be written equal to zero.

The instantaneous plate current becomes zero at the time t =¢,, that
1s, wt =wt, as shown in Fig. 2. For this condition, (6) becomes:

N Ey — uE. 4+ uE,,, cos(wt,)

2Ipm =

(7)

r cos(2wi,)

Since this is the maximum value of the second harmonic current in
the plate circuit the output power takes the form:

r

r
-l)0=_2lpm2 =_{

(8)

Ey — uE. + uE,, COS(wto)}2
2 2

T cos(2wly)
Substituting the instantaneous plate current as given in (6), in (4)

one can obtain an expression for the average direct current in the plate
circuit, which is: -

I, =

1
{Eb (wto) — uk, (wto) + uE,, sin(wt,)

Tp

sin (2wt,) } (9)

The power input to the plate circuit may now be expressed by the
following equation:
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E .
Pr = o, Ey = - {Ey (wto) — uE.: (wto) + uE,m sin(wto)

Ty
—1/2E, tan(2wto) + 1/2uE, tan(2wi,)
—1/2uE,m cos(wlo) tan(2wlo) b (10)

Equations (8) and (10) may now be used to express the efficiency
of the plate circuit in per cent. Thus:

Po Tp N2
Eff., = — 100 = —————— 100. (11)
PI 2Eb rDD
Where,
N = E, — uE. + uE,. cos (wto) (12)
D = cos (2wi) (13)

D = E, (wty) cos (2wty) — uE. (wto) cos(2wty)

+ uE,. sin (wty) cos (2wty) — 1/2E, sin (2wt)

+ 1/2uE, sin (2wty) — 1/2uE;n cos (wto) sin (2wty). (14)
In order to make a study of the influence of the independent param-

eters such as the effective resistance of the tuned tank circuit and the
plate resistance of the tube it is possible to eliminate the dependent

parameter o pm.

Substituting the instantaneous value of the plate current as given
in (6) into (5) and then substitute for oI, as given in (7) results in the
following equation:

mm + uE,.m cos (wly) + L {Am + uE,n B} = 0. (15)

Tp
Where,
m = Eb —_ ch
A = (wty) — 1/4sin (dwty) (16)

B = (wty) cos (wto) + 1/3 sin (wlo) (17)
—3/8 sin (3wt,) — 1/24 sin (5wlo).
The curves of 4 and B as functions of (wt,) have been worked out
and plotted in Fig. 3.
Solving (15) for E,,, the following expression is obtained:
mm + m(r/rp) A

By =— : (18)
ut cos (wty) + (r/rp) ubB

Fig. 4 shows the value of E,. plotted as a function of (wi,) for a
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particular value of m and various ratios of r/r,. It will be noted that
all the curves intersect at the point wt,=45 degrees.
Now, solving (15) for the plate load resistance gives:
Trm + uk,.,. cos (wty)]

r = — 0 (19)
Am + uk,, B

18] A=(wte) - 14 Sin(swt.), ,
Q "G B =t Coswte) +45 Singuta) P l &
Q 'Y ~38SinGwt)t44Sin(swts). = ]
< A f
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VALUE OF wt,
Fig. 3—Solution of equations (16) and (17).
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Fig. 4—Solution of equation (18) for a particular value of m
and various ratios of r/rp.

ArTPLITUDE OF GRID VOLTAGE — Fgm

Substituting this in (11) one secures,
—100 NN
2E, DD ’

Eff., = (20)

where,
N = Am + uE,, B. (21)
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In (20) the per cent plate efficiency is expressed in terms of u, Fs,
e, Eom, and (wty). Tor a particular tube u is constant so we may
write:

d
o (B =0 (22)
Yb
d
alr.
d
o5 (kff,) =0 (24)
d
— T (Eff,) = 0. (25)
a(wto)

The solution of these four equations should give the condition of
maximum plate efficiency. Since the solution of these equations is
rather tedious the work will be omitted here but for practical purposes
the following results are valuable.

(wty) = 15 degrees (26)

— /9

. m\’2

Epm = ——

u
or, _
2 uE. — \'2 uE;m

E, = 5 : (27)

Equation (26) says that for maximum plate efficiency the angle of
cut-off of plate current must be 15 degrees, and (27) gives the relation
between E,, E ., and E, ..

For the important condition that E.=E,., that is, the condition
for maximum power output without drawing grid current, (27) be-

comes:
2 — 2
E, = uFE. <——2—> (28)

(GRAPHICAL SOLUTION

It has already been pointed out that the graphical solution is a
valuable tool in determining the best operating conditions for a particu-
lar case. Many workers get excellent tube performance by merely ar-
ranging the material at hand into a circuit and making adjustments by
a little experimenting. This works very well for small circuits; but is an
expensive procedure for high powered sets.
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Practical problems usually arise in such a way that definite volt-
ages, currents, and power are required; but it will be found impossible
to tell directly what should be done to produce these results in a
doubler. One way to answer this practical question is to make a graph-
ical solution and from this solution choose the most desirable operating
conditions for the vacuum tube. Since there are comparatively few
types of tubes in practice, one good set of calculations will cover a
multitude of applications.

The method used here is an adaptation of the graphical method em-
ployed by D. C. Prince and F. B. Vodges.*

The first requirement for this method of attack is to obtain a family
of static characteristic curves. By means of these curves one can de-
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Fig. 5—Graphical solution to show instantaneous plate current vs.
value of (wt) for a UX-210 as a doubler.
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termine the instantaneous plate voltage, plate current, and grid cur-
rent for various values of grid voltage and tank load combination.
The output and plate efficiency under given conditions can be com-
puted by this point-to-point method of analysis. By assuming several
sets of operating conditions it is possible to make a selection which will
give the most favorable results.

Applying these ideas more specifically, the assumption that the
grid and plate voltages are sinusoidal permits the use of (1) and (2).
Since the voltages are symmetrical about the ordinate axis, it is only
necessary to make calculations for positive values of (wt,). To facili-
tate the work it is best to make a table taking inerements such as 5 or
10 degrees up to the angle (wiy).

. ‘E]lDéc.CRfvl:i’n(clegg?)d_%}ggé)?’odges, “Vacuum tubes as oscillation generators,”
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It is now desirable to obtain the power output, powerinput, plate
efficiency, and resistance of the antiresonant tank circuit from the
values in the table. First, it is necessary to compute the direct-current
component and second-harmonic component. This is readily accom-
plished by means of the trapezoidal rule for evaluating a definite in-
tegral. With these values the other desired quantities can casily be com-
puted.

For a particular case the curves of Fig. 5 were plotted and the re-
sulting plate efficiency was plotted in Fig. 7 for purposes of comparison.
It will be noted that for maximum plate efficiency the plate voltage
2E,m is equal to Es. This means that at the time { =0 the instantaneous
plate current is zero. This relationship is shown in Fig. 5.

OSCILLATOR

. na//a,f.‘

L

i
.——.—‘l

it
@D
Fig. 6—Measuring arrangement.

While working at audio frequencies with an oscillograph connected
in the plate circuit it was noted that for good plate efficiency there was
a decided dip in the center of the plate current pulse. Evidently this
condition holds true at radio frequencies.

ExPERIMENTAL RESULTS

Experimental tests were made with a UX-210 vacuum tube. The
measurements were made with a wavelength of A =406 meters (f =740
ke) in the grid circuit, and A, =203 meters (f:=1480 ke) in the plate
circuit which had an antiresonant tank circuit tuned to the double
frequency. The other parameters held constant were: amplification fac-
tor=38, direct-current plate voltage E, =465 volts, direct-current grid-
bias voltage E.=450 volts, and the total resistance in the antiresonant
tank circuit of 7, =25.3 ohms.

The measuring arrangement is shown in Fig. 6. The amplitude of
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the grid voltage E,,, was determined by means of a thermal milliam-
pere meter connected in series with a small known capacity. An ohm
spun resistor of 25 ohms, which is practically noninductive, was placed
in the antiresonant tank circuit in order that slight changes in the re-
sistance of the tank circuit due to variation of the contact on the induc-
tance would not appreciably change the “Q” of the circuit.

Holding E,. constant at 540 volts the plate load was varied over
a wide range of values. Similar sets of readings were taken for £,,, = 550

80
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\egm = —
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Fig. 7—Comparison of the results of the three methods of attack.

and 560 volts. The results of these three runs have been plotted in

Fig. 7 for purposes of comparison with the results of the other methods
of attack.

COMPARISON OF THE THREE METHODS OF ATTACK

If one is interested primarily in plate efficiency then there is an
amplitude of grid voltage that will give maximum efficiency. The
curves in Fig. 7 show that higher efficiency is secured with E,.=550
volts than either of the other voltages. If E,,, =554 volts the angle of
cut-off of the plate current is (wtg) =45 degrees and the condition of
maximum plate efficiency results.

The theoretical, graphical, and experimental results, as shown in
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Y 7. agree very closely for low values of plate load resistance. Since
hgraphieal solution takes aceount of the actual operating conditiens.
-h results obtained agree quite closely with the experimental results
wr the whole range of values of the plate load resistance. The experi-
-antal eurve for E .. =330 volts agrees more nearly with the graphieal
~enlts than either of the other two values of E .w. The theoretical curve
w1, only plotted up to the point where the minimum instantaneous
al e voltage is equal to the maximum instantaneous erid voltage. for
wond this point the assumptions on which the analysis was based are
onger approximately true. The experimental and graphical curves
-t.1 to bend over very rapidly when the condition that the minimum
nantaneocus plate voltage equals the maximum instantaneous erid
-<;age is approached.

GENERAL CONCLUSIONS

There are certain criteria that are essential if the doubleris to oper-
1t properly. Since the inherent characteristics of vacuum tubes are
nte elaborate in their nature and play such an important role in the
gration of efficient doubling circuits. it is necessary to understand
“bir influence on the circuits in which they are to operate. For prae-
“ir] problems it is important to know what conditions will bring about
‘b desired results.

It has already been pointed out that high plate efficiency is perhaps
b most important factor to consider in the proper operation of the
fubler. Along with high plate efficiency the power output will be a
-asimum for a given tube.

A very important special case is when a quartz erystal is used to
«trol the frequency of a short-wave transmitter. The power de-
irred by the quartz crystal oscillator is very weak so it is essential
‘tt the grid be kept negative at all times. With this condition no
mxver will be absorbed from the eryvstal oscillator circuit by the dou-
olr. With this restriction on the doubler the best condition of operation
1gbtained when the maximum value of the grid voltage at the funda-
mntal frequency is equal to the grid bias voltage. For this condition of
agration the theoretical analysis will hold if the power dissipated in
'k plate is not too large. Equations (26) and (28) give the conditions
‘¢ maximum plate efficiency. These parameters should be chosenso
althe straight portion of the characteristic is utilized. provided, the
wwer dissipated in the plate is not too large. This requirement is ful-
#:d at a sacrifice to the plate efficiency. Considerably higher plate
odciency would be realized if the grid were allowed to go positive.

_ The value of the plate load resistance is another very important
istor in determining the best operating conditions. The minimum in-
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stantaneous plate voltage and the maximum instantaneous grid voltage
oceur simultancously in the middle of the plate current pulse as is illus-
trated in Ifig. 2. Since the instantaneous plate efficiency is fixed by the
plate voltage drop it is very important that the input should not be al-
lowed to decrease for this should be the time of maximum efficiency
and is therefore of the greatest importance. Asthe maximum plate cur-
rent is obtained when the grid voltage is from 80 to 100 per cent of the
plate voltage it is desirable to select a load resistance that will bring this
condition about. Direct methodsto calculatethis value are quitetedious.
The graphical solution offers an indirect method that is quite simple.

The maximum power output, which coincides with the maximum
power amplification from the fundamental frequency input to the
double frequency output, occurs when the load resistance in the plate
circuit is approximately equal to the plate resistance of the tube. This is
considerably lower than is hecessary to give maximum plate efficiency.

There are certain important points in selecting a vacuum tube for a
doubler. Since the power output for a given size tube is limited by heat-
ing, it is an advantage to use tubes with thoriated filaments. Tt is also
desirable to use tubes that have a large mutual conductance and a low
internal plate resistance.
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L1sT oF SyMBoOLS

E, Filament supply voltage (direct current).
E, Plate supply voltage (direct current).
E. Grid bias voltage (direct current).
Eym Maximum value of fundamental alternating-current grid voltage.
2B,m Maximum value of double frequency alternating-current plate voltage.
E, Instantaneous value of grid voltage.
E, Instantaneous value of plate voltage.
olp Averz}ge value of direct plate current.
2l pm Maximum value of double frequency alternating-current plate current.
I, Average value of direct grid current.
I, Effective value of alternating-current grid current for measuring the
alternating-current grid voltage.
I, Effective value of alternating-current tank current.
i, Instantaneous value of plate current.
Pr Power input to the plate circuit.
o Power output from the plate circuit.
Eff., Plate efficiency in per cent.
r External load resistance.
7» Internal plate resistance.
r2 Total tank circuit resistance.
wto Angle of cut-off of plate current.
g» Mutual conductance.
u Amplification factor,
L Inductance of tank circuit,
C Capacity of tank circuit.
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{ MODULATION FREQUENCIES IN VISUAL TRANSMISSION*

By

EpwiN LEg WHITE
(Engineering Division, Federal Radio Commission, Washington, D. C.)

Summary—A method of computing the mazimum frequencies produced in
[ television transmission is shown. This method is based on the consideration of the
| degree of edge definition produced. It is shown that these frequencies are independent
| of the amount of detail in transmitted pictures for equal edge definition.
For a picture scanned by the usual method N pictures per second, with L
lines, having a ratio r of width to height and having the ratio K between the width
" of scanning line and width of edge shadow, 1t 1s shown that

KNrlL2
2

Two systems varying from the normal are discussed and compared with the
normal system in regard to the magnitude of the frequencies produced.

sources of distortion is frequency diserimination on the part of

some portion of the equipment comprising the complete system
both receiving and transmitting. This frequency discrimination may be
due to many factors such as the aperture shape, the inclusion of too
selective circuits, or the inability of the receiver light source to re-
act with sufficient speed. It is not the purpose of the writer to discuss
any of the many causes of distortion but to consider solely the fre-
quencies which are required at the point of image production in order
. to produce a satisfactory image.

In current publications, articles with reference to visual broad-
casting discuss the frequency bands occupied by various systems of pic-
ture transmission on the hasis of the number of picture elements to be
transmitted per second. This method of consideration is an outgrowth
of the procedure used in the production of half-tone pictures in which
each picture reproduced is actually divided into elements. Unfortu-
nately, many individuals have concluded that the satisfactory transmis-
sion of simple images involves the emission of lower modulating fre-
quencies than those involved in the transmission of complex images.

It is desired to approach the problem from a consideration of the
conditions incident to the scanning of the edge of a black curtain
against a white background such as represented in IFig. 1-A Were the
visual system perfect the edge would be scen in the receiver exactly

]:[N THE transmission of moving pictures by radio or wire one of the

* Decimal classification: 683, Original manuscript received by the Insti-
tute, June 30, 1932,



48 Smith: Frequency Doubling

the grid voltage E,,, was determined by means of a thermal milliam-
pere meter connected in series with a small known capacity. An ohm
spun resistor of 25 ohms, which is practically noninductive, was placed
in the antiresonant tank circuit in order that slight changes in the re-
sistance of the tank circuit due to variation of the contact on the induc-
tance would not appreciably change the “Q” of the circuit.

Holding E,, constant at 540 volts the plate load was varied over
a wide range of values. Similar sets of readings were taken for E,. =550
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Fig. 7—Comparison of the results of the three methods of attack.

% PLATE EFFICIENCY
;
Lom

583
Q

and 560 volts. The resulis of these three runs have been plotted in
Fig. 7 for purposes of comparison with the results of the other methods
of attack.

COMPARISON OF THE THREE METHODS OF ATTACK

If one is interested primarily in plate efficiency then there is an
amplitude of grid voltage that will give maximum efficiency. The
curves in Fig. 7 show that higher efficiency is secured with E,,.=550
volts than either of the other voltages. If E,,.=554 volts the angle of
cut-off of the plate current is (wt,) =45 degrees and the condition of
maximum plate efficiency results.

The theoretical, graphical, and experimental results, as shown in
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Fig. 7, agree very closely for low values of plate load resistance. Since
the graphical solution takes account of the actual operating conditions,
the results obtained agree quite closely with the experimental results
over the whole range of values of the plate load resistance. The experi-
mental curve for E,» =550 volts agrees more nearly with the graphical
results than either of the other two values of E;m. The theoretical curve
was only plotted up to the point where the minimum instantaneous
plate voltage is equal to the maximum instantaneous grid voltage, for
beyond this point the assumptions on which the analysis was based are
no longer approximately true. The experimental and graphical curves
start to bend over very rapidly when the condition that the minimum
instantaneous plate voltage equals the maximum instantaneous grid
voltage is approached.

GreNERAL CONCLUSIONS

There are certain criteria that are essential if the doubleris to oper-
ate properly. Since the inherent characteristics of vacuum tubes are
quite elaborate in their nature and play such an important role in the
operation of efficient doubling circuits, it is necessary to understand
their influence on the circuits in which they are to operate. For prac-
tical problems it is important to know what conditions will bring about
the desired results.

It has already been pointed out that high plate efficiency is perhaps
the most important factor to consider in the proper operation of the
doubler. Along with high plate efficiency the power output will be a
maximum for a given tube,

A very important special case is when a quartz crystal is used to
control the frequency of a short-wave transmitter. The power de-
livered by the quartz crystal oscillator is very weak so it is essential
that the grid be kept negative at all times. With this condition no
power will be absorbed from the erystal oscillator circuit by the dou-
bler. With this restriction on the doubler the best condition of operation
is obtained when the maximum value of the grid voltage at the funda-
mental frequency is equal Lo the grid bias voltage. For this condition of
operation the theoretical analysis will hold if the power dissipated in
the plate is not too large. Kquations (26) and (28) give the conditions
for maximum plate efficiency. These parameters should be chosenso
all the straight portion of the charncteristic is utilized, provided, the
power dissipated in the plate is not too large. This requirement is ful-
filled at a sacrifice to the plate efficiency. Considerably higher plate
efficiency would be realized if the grid were allowed Lo go positive.

The value of the plate lond resistance is another very important
factor in determining the best opernting conditions. The minimum in-
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stantaneous plate voltage and the maximum instantaneous grid voltage
occur simultaneously in the middle of the plate current pulse as is illus-
trated in Fig. 2. Since the instantaneous plate efficiency is fixed by the
plate voltage drop it is very important that the input should not be al-
lowed to decrease for this should be the time of maximum efficiency
and is therefore of the greatest importance. As the maximum plate cur-
rent is obtained when the grid voltage is from 80 to 100 per cent of the
plate voltage it is desirable to select a load resistance that will bring this
condition about. Direct methodsto calculate thisvalue are quitetedious.
The graphical solution offers an indirect method that is quite simple.

The maximum power output, which coincides with the maximum
power amplification from the fundamental frequency input to the
double frequency output, occurs when the load resistance in the plate
cireuit is approximately equal to the plate resistance of the tube. This is
considerably lower than is nhecessary to give maximum plate efficiency.

There are certain important points in selecting a vacuum tube for a
doubler. Since the power output for a given size tube is limited by heat-
ing, it is an advantage to use tubes with thoriated filaments. It is also
desirable to use tubes that have a large mutual econductance and a low
internal plate resistance.
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List oF SymBoLs

E., Filament supply voltage (direct current).
E; Plate supply voltage (direct current).
E. Grid bias voltage (direct current).
E;n. Maximum value of fundamental alternating-current grid voltage.
2Epn Maximum value of double frequency alternating-current plate voltage.
E, Instantaneous value of grid voltage.
E, Instantaneous value of plate voltage.
of» Average value of direct plate current.
2lpm Maximum value of double frequency alternating-current plate current.
I, Average value of direct, grid current.
I, Effective value of alternating-current grid current for measuring the
alterngtingwurrent grid voltage.
I: Effective value of alternating-current tank current.
i, Instantaneous value of plate current.
Pr Power input to the plate circuit.
o Power output from the plate circuit.
Eff., Plate efficiency in per cent.
r External load resistance.
7» Internal plate resistance.
72 Total tank circuit resistance.
wlp Angle of cut-off of plate current.
gm Mutual conductance.
u Amplification factor.
L Inductance of tank circuit,
C Capacity of tank circuit.
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MODULATION FREQUENCIES IN VISUAL TRANSMISSION*

By

Epwin LEe WHITE
(Engineering Division, Federal Radio Commission, Washington, D. C.)

Summary—A method of computing the mazimum frequencies produced in
television transmission is shown. This method is based on the consideration of the
degree of edge definition produced. It is shown that these frequenctes are independent
of the amount of detail in transmitted pictures for equal edge definition.

For a picture scanned by the usual method N pictures per second, with L
lines, having a ratio r of width to height and having the ratio K between the width
of scanning line and width of edge shadow, it is shown that

KNrL?
2

Two systems varying from the normal are discussed and compared wilh the
normal system in regard to the magnitude of the frequencies produced.

sources of distortion is frequency discrimination on the part of

some portion of the equipment comprising the complete system
both receiving and transmitting. This frequency discrimination may be
due to many factors such as the aperture shape, the inclusion of too
selective circuits, or the inability of the receiver light source to re-
act with sufficient speed. It is not the purpose of the writer to discuss
any of the many causes of distortion but to consider solely the fre-
quencies which are required at the point of image production in order
to produce a satisfactory image.

In current publications, articles with reference to visual broad-
casting discuss the frequency bands occupied by various systems of pic-
ture transmission on the basis of the number of picture clements to be
transmitted per second. This method of consideration is an outgrowth
of the procedure used in the production of half-tone pictures in which
each picture reproduced is actually divided into elements. Unfortu-
nately, many individuals have concluded that the satisfactory transmis-
sion of simple images involves the emission of lower modulating fre-
quencies than those involved in the transmission of complex images.

It is desired to approach the problem from a consideration of the
conditions incident to the scanning of the edge of a black curtain
against a white background such as represented in Fig. 1-A Were the
visual system perfect the edge would be seen in the receiver exactly

I[N THE transmission of moving pictures by radio or wire one of the

* Decimal classification: R583. Original manuseript reccived by the Insti-
tute, June 30, 1932.
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as shown. However, due to various factors, the current in the repro-
ducing device builds up gradually somewhat as shown in Fig. 1-B. As
a result of this gradual building up of current the edge of the curtain
in the received image is shaded as shown in Fig. 1-C. It is generally
assumed that an edge shadow equal in width to the scanning line will

be satisfactory. This assumption will be used initially in the following
calculations:

A.

MaX

—— DIRECTION OF SCANNING ——

1
]

. F‘“dﬁ»l
Fig. 1—A, The subject to be scanned. B. The current produced in the reproduc-
ing device. C. The Image of the subject as reproduced.

The change in current shown in Fig. 1-B involves a half cycle of a

frequency f, the magnitude of which is to be determined. This half-cycle

change takes place during the movement of the scanning spot through
the distance d during the time ¢ (Fig. 1-C.).

1
f= B (¢in seconds) (1)

The time ¢ is to be determined.
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As the edge shadow is reduced in magnitude the time ¢ will ap-
proach 0 and the frequency generated will approach infinity.
If the picture is scanned N times per second, the time for scanning
q a single picture will be 1/N seconds. If L lines per picture are used the
¥ time for scanning a single line will then be 1/NL seconds.
' Let r be the ratio of the width of the picture w to the height of the
picture h

;=— h =—. (2)

The width of a single line is the height of the picture divided by
L, and by definition is equal to d.

h d
d= A h = = 3)
Combining (2) and (3)
w d 1
dL = - - = i (4)
The time ¢ for scanning the distance d is to the time for scanning the
length of a single line as the distance d is to the width of the picture w.

t d 3
T ()
NL
Combining (4) and (5)
1
1 1L
i N[J
t 1
| E &
Substituting in (1)
NTI/Z
== )

If the width of the edge shadow is to be limited to a width other

than the width of a single line
B KNrL?

T2
K being the ratio of the width of scanning line to the width of edge
shadow.

(8)
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It should be noted that the frequency computed above will appear
each time the scanning beam encounters a, junction between black and
white, and is independent of the number of times such a junection ap-
pears. The same frequency appears in scanning a black curtain against,
a white background as appears in scanning a black grating against a
similar background with equal edge definition requirements.

If a visual broadeast system has inadequate high-frequency re-
sponse the edge of the black curtain mentioned above will be indefinite
rather than sharp, and the grating will appear blurred or merely as an
undefined shadow, depending on the degree of frequency discrimina-
tion.

Consideration of (7) and (8) also indicates that the modulation
frequencies involved in visual broadcasting vary directly as the square
of the number of lines per picture, as the number of pictures per second,
and as the ratio between scanning line width and permitted edge
shadow.

A typical example of expedients offered in the endeavor to reduce
the frequency band width required for picture transmission is the pro-
posal to transmit the top and bottom portions of a picture with a small
number of lines and the central portion with a large number of lines.
It is asserted that, psychologically, detail is needed only in the central
portion of a picture for satisfactory appearance to the eye and, since
the proposed system involves the transmission of a smaller number of
“elements,” a lower modulation frequency is required than would be in-
volved were the whole picture scanned uniformly.

If the picture is to be divided into portions, each portion 1/a of the
width of the whole picture, scanned with L’ number of lines, and if each
portion is to be scanned in 1/a of the time required to scan the whole
picture, each portion may be considered as an individual picture trans-

mitted in 1/aN seconds and having a ratio of width to height of ar.
Substituting these values in (8)

B KaNarL' KNra2['?

S .
2 2 -

(9)

If the whole picture were uniformly scanned with the same detail
as the portion discussed above, the total number of lines required would
be aL’ and the maximum frequency produced would be, from substitu-
tion in (8)

KNr(alL")?

/ 2

(10)

which is identical with (9).
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1t is thus seen that the same frequencies are produced by this sys-
tem as are produced by the normal system of scanning, given equal de-
tail in the central portion.

ISquations (9) and (10) are based on the assumption that the time
occupicd by scanning in great detail is proportional to the ratio be-
tween the height of the portion so seanned and the height of the whole
picture. If this ratio is not retained the problem may be considered as
follows:

Let a be the ratio between the time required to scan with detail and
the time required to sean the whole picture and, let @’ be the ratio be-
tween the height of the portion seanned in detail and the height of the
whole picture.

Considering the portion seanned in detail as a single picture
seanned in 1 aN seconds and having a ratio of height to width of a’r
and seanned with L' lines, substitution in (8) gives

aNa'rl,''?

f= 2 (1)

)

This equation differs from (1) solely in the difference between af

and the product aa’. The frequency produced by means of this second

_proposed system is to the frequency produced by uniform scanning, as
computed above, as aa’ is to @3, which is equal to a’/a.

In conclusion, a method has been shown permitting the calculation
of the order of modulation frequencies required for picture transmission
based on the assumption of the relation between edge shadows and
width of scanning line, which relation is the factor that limits the
clarity and the maximum possible detail of a picture. The formula de-
duced does not differ materially from that obtained by the considera-
tion of assumed picture elements.

o> ——P > @ < @ oo
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AN IMPROVEMENT IN VACUUM TUBE VOLTMETERS*

By
R. M. SoMERs

(Research Engineering Department, Thomas A. Edison, Inc., West Orange, N. J)

Summary —A vacuum (ube voltmeter Jor the measurement of audio Sfrequen-
ctes, which depends for its operation almost entirely upon the amplification factor
of the tube, is described. This volimeter combines the marked advantages of a single
voltage source for filament, grid, and plate supply with the absence of zero adjustment
requirements on the indicator. It has a further advantage over the more common, type
of vacuum tube voltmelers in that it can usually be made direct reading in volts
on an 0-2 milliampere thermocouple type of indicaling instrument.

INTRODUCTION

{ YITHIN the past few years great forward strides have been
made in the audio-frequency field. In keeping with modern
practice it has been necessary to develop new instruments to

maintain the higher standards of present-day equipment. Among the
many instruments used, the thermionic tube voltmeter stands well up
on the scale of importance. As a power level indicator (voltmeter), it
Is a permanent part of every audio-frequency installation of any size.
Its importance in the laboratory, as well as in the field, has caused at-
tention to be focused on its limitations in an effort to improve and sim-
plify its operation.

Several years ago the need was felt, for a vacuum tube voltmeter for
audio-frequency measurements which would have a range of 0.05 to
3 volts, be reasonably portable, and be simple in operation. A study of
the art was made. The slide-back voltmeter,! the straight rectifier type?
(with and without amplifiers), and the push-pull® type of vacuum tube
voltmeter were studied, tried, and discarded. The slide-back volt-
meter, with three- or four-element tubes, often gives erroneous read-
ings because the plate-current grid-voltage curve does not usually have
a sharp intercept on the grid-voltage axis. The straight rectifier type,
using a direct-current microammeter in the plate circuit, is subject to
errors due to changes in the tube's plate impedance. These errors be-
come large for low voltage measurements. The push-pull voltmeter re-
quires two tubes and is subject to the same discrepancies as the rectifier
type. All of the above instruments have large wave form errors.

. * Decimal classification: R243.1. Original manuscript received by the In-
stitute, July 17, 1932. )
! R. A. Heising, U. S. Patent, No. 1, 232, 919.
2 R. H. Wilson, U. S. Patent No. 1, 287, 161.
8 B. W. St. Clair, U. S. Patent No. 1, 857, 216.
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It was soon realized that a new type of tube voltmeter would have
to be developed if the requirements mentioned in the beginning of the
previous paragraph were to be met. In order to lessen wave form error
and to have a direct reading voltmeter, a tube operated as an amplifier
and an alternating current indicating instrument were used. To sim-
plify the adjustments a single source of direct-current voltage was em-
ployed.* If a vacuum tube voltmeter of this type is properly designed,
the amplification factor of the tube may be made the controlling prop-
erty. As this property depends almost entirely on the physical dimen-
sions of the tube elements (and only to a small extent on the operating
parameters) the use of this for the major controlling element is reason-
able and sensible.

As the tube, used as an amplifier, may be operated in several differ-
ent ways it is important to show why the circuits of Figs. 1 and 2 were
employed in the final meters.

VOLTAGE AMPLIFIER

Theoretically, if a vacuum tube is to be used as a voltage amplifier
operating under the conditions for maximum amplification, the ex-
ternal plate circuit impedance must be made infinitely high. Consider
_the equation for voltage amplification®

u' = uro/(rp + 70) (1)

where u is the theoretical maximum of 1”; ro is the load resistance, and
r, 18 the plate impedance. In this equation x’ can equal x only when 7,
hecomes infinitely large compared to r,. Under these conditions, not
only would the amplification be large, but the value of u” would be-
come practically independent of the value of r,. A tube then, used
under these conditions, would theoretically make an ideal voltage
measuring device. However, commercially available current measuring
instruments which could be used in the plate circuit of a tube operated
ag above have internal resistances of the order of 800 to 1000 ohms.
As the average tube’s plate impedance is 20,000 to 30,000 ohms when
operated on reasonably low voltages, its load impedance, in order to
approach the condition for maximum amplification mentioned above,
would have to he at least 100,000 ohms. It is obvious, therefore, that
the indicating instrument could not furnish sufficient load impedance

to operate the tube properly. Hence, it would be impractical to use the
tube as a voltage measuring device.

:2 (J“H(Imm, U. S. Patent No. |, 760, 597,
. *See H. J.van der Bijl, “The Thermionic Vacuum Tube,” p. 183, First
Iidition (1920), McGraw I1ill Book Company. . '
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Power AMPLIFIER

If the tube is used employing a transformer in its output circuit the
equation for the amplification (power) is®

1 = wryre/(rp + Zo)? (2)

where 7, is the input resistance and To+Jjro=Zis the load impedance.
This equation is a maximum when Zo=r,. However, the amplification
of the tube falls off slowly for larger values of Z,, and the effect of
changes in the tube’s plate impedance on the total amplification be-
comes less, so it is best to arrange the plate load to be at least several
times the plate impedance of the tube. As a transformer is used in the
output circuit it becomes a relatively siinple matter to arrange the

ux 230

SS9«
AMERTRAN

190 (2
BATTERY SIS TOR

Fig. 1—(A) Circuit of one-tube vacuum tube voltmeter. ]
(B) Alternative output circuit for the voltmeter of Fig. 1A.

transformation ratio so that the reflected impedance in the primary is
several times the tube’s plate impedance.

DESCRIPTION OF APPARATUS

Several models of vacuum tube voltmeters employing the principles
described above were constructed over a year and a half ago and are
still giving excellent service. Fig. 1A shows a one-tube arrangement us-
Ing a transformer in its plate circuit. Transformer coupling limits the
frequency range of the instrument but increases the sensitivity. With
a 2-milliampere thermocouple in the output the voltmeter has a range
of 0.2 volt to 2.0 volts, a ten-to-one coverage. By using a high resist-
ance voltage divider this range can easily be extended to 20 or more
volts. All values are marked on the sketch. The direct-current source
must be capable of supplying 60 milliamperes at from 40 to 48 volts.
Two of the large radio “B” batteries connected in parallel are excellent

¢ See H. J. van der Bijl, “The Thermionic Vacuum Tube,” p. 188, First
Edition (1920), McGraw Hill Book Company.
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for intermittent service. For continuous operation, however, a group
of Edison type F2 storage cells would be better.

If a better frequency characteristic than that which is obtained
from the voltmeter described is desired, the output network of Fig. 1B
may be substituted in place of the one shown in Fig. 1A. This change,
as mentioned previously, will of course greatly impair the sensitivity
of the instrument. Recently, however, a 1-milliampere full-scale recti-
fier type of meter has been placed on the market. If this instrument is
substituted for the 2-milliampere thermocouple shown in Fig. 1A, the
sensitivity of the vacuum tube voltmeter using the network of Fig. 1B -
can be somewhat improved.
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Fig. 2—Circuit of two-tube vacuum tube voltmeter.

In order to increase the range of the instrument, an amplifier {ube
was added. It was placed before the voltmeter tube in order to simplify
switching. Fig. 2 shows the complete circuit of the vacuum tube volt-
meter. The amplifier stage, as shown on the diagram, increases the
range of the instrument by exactly ten times. With the two-to-one
multipler shown on the input to the vacuum tube voltmeter, the range
of this instrument is now from 0.02 volt to 4 volts.

CALIBRATION AND ACCURACY

As was mentioned previously one of the most important character-
istics of this instrument is its case and premanency of calibration. If a
proper output transformer is used, the indicating instrument may be
of the dynamometer, copper-oxide rectifier, or thermocouple type.
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With the vacuum tube voltmeter as shown in Figs. 1A and 2, both
rectifier and thermocouple types of indicating instruments are used in-
terchangeably. Because of the relatively high load impedance in the
plate circuit and the use of the straight portion of the plate-current—
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Fig. 3—Vacuum tube voltmeter correction curves. Solid line (curve A) for one
tube; dotted line (curve B) for two tubes.

grid-voltage part of the characteristic, the actual method of calibration
is simplicity itself. All that is necessary is to feed a known voltage into
the input of the vacuum tube voltmeter and adjust the battery re-
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Fig. 4—Panel view of the one-tube vacuum tube voltmeter.
(Output meter not shown.)

sistor and/or an external resistor in series with the meter. These ad-
Justments are carried out until the indicating instrument reads the
true voltage directly on its seale. The only other check necessary is to
determine the limiting voltages, that is, the voltages which will cause

+
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the grid of the tube to swing positive, thereby lowering the input im-
pedance of the device. This is easily done, as the plate-current—grid-
voltage characteristic becomes curved at approximately this point,
and therefore the indicating instrument will no longer directly follow
the voltmeter across the input.

It is best to make this calibration on the straight portion of the
vacuum tube voltmeter frequency characteristic curve. With the set-
up as shown, a 1000-cycle calibration is usually used. If this one-point
calibration is made often enough the accuracy of the instrument as a
whole depends only on the accuracy of the indicating instrument used.

BAT. RESISTOR

Fig. 5—Panel view of the two-tube vacuum tube voltmeter.
(Output meter not shown.)

Using a Model 412 Weston thermocouple type of meter in the output
circuit, the accuracy of the voltmeter is better than 1 per cent at all
points on its scale. In a year and a half of intermittent use several of
these voltmeters showed a change in calibration of less than 0.1 per
cent. It might be interesting to note that a 13 per cent change in the
current through the resistor system supplying the voltages for the tube
causes only a 5 per cent change in the indicating instrument in the
output circuit.
FFrEQUENCY CHARACTERISTIC

The vacuum tube voltmeter described was designed for use, in the
audio-frequency range, (50 to 10,000 cycles per second). Its greatest
use, however, has been between 50 and 6000 cycles per second, between
which frequencies the greatest erroris 5 per cent. As this is only ap-
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proximately one-half decibel, it can usually be neglected. However, if
greater accuracy is desired, the correction curves of Fig. 3 may be used.

Co~NcLusioN

In conclusion it might be well to summarize the advantages of this
type of vacuum tube voltmeter.

(1) Itisdirect reading, actually measuring r-m-s values rather than
peak average values.

(2) Calibration and checking of calibration is simple, as it only has
to be done at one point on the scale.

(3) Permanency of calibration for one and one-half years is better
than 0.1 per cent.

(4) As the frequency error is only 5 per cent between 50 and 6000
cycles per second usually no correction is necessary.

(5) The size of the instrument (one tube) is only 7 inches X7 inches
X5 inches. This size could include a rectifier type of voltmeter for the
output circuit, but would not include a thermocouple type of instru-
ment similar to the Weston 412.
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TRANSOCEANIC RECEPTION OF HIGH-FREQUENCY
TELEPHONE SIGNALS*

By
R. M. Moxrris aND W. A. R. BRownN

(National Broadcasting Company, New York City)

Summary— The application of high-frequency telephone transmission to in-
ternational rebroadcasting is treated. Brief descriptions are given of the method used
in rating the suilability of reception for rebroadcasting, the effects of magnetic dis-
turbances upon Iransmission, the correlation of magnetic activity with transmission,
and the forecasting of magnetic disturbances and resultant transmission conditions.

HEN the subject of international rebroadcasting was begin- .
&:&X ning to receive serious consideration, in 1928, a proposal was
placed before the then-existing Board of Consulting Engineers
of the National Broadcasting Company that observation reports of
short-wave broadcast reception compiled by associated companies be
forwarded to one point for correlation. It was believed that this would
increase the value of the records and also indicate more clearly the
possibilities and limitations of high-frequency transmission in the field
of international broadcasting for it was obvious that the world-wide
exchange of programs was destined to assume an important role in
the future, and that high-frequency transmission would be the most
effective medium for the interchange of programs. The National Broad-
casting Company was requested to handle the correlation of these re-
ports. Certain phases of that subject are presented in this paper. These
phases are confined to the practical aspects of the investigation, and
do not touch upon the many interesting theoretical considerations in-
volved.

In addition to the reception reports received from the companies
associated with the National Broadcasting Company at that time, (the
RCA Communications Inc., the General Electric Company, and the
Westinghouse Ileetric and Manufacturing Company), a considerable
number of reception reports were also received in 1928 and 1929 from
the British Broadcasting Corporation of Iingland and Philips Radio
of Holland, and in 1929 and 1930 from the Reichs-Rundfunk-Gesell-
schaft of Germany. These foreign reports covered reception primarily
in those three countries of North American stations. The major cir-
cuits observed in the United States are indicated on the azimuthal
chart of I'ig. 1. Many of these circuits were observed simultaneously

* Decimal classification: R113. Original manuscript received by the Insti-
tute, July 19, 1932, Presented before New York meeting, June 1, 1932,
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at Riverhead, N. Y., by the RCA Communications, Inc.; at Schenec-
tady, N. Y., by the General Electric Company; and at Pittsburgh, Pa.,
by the Westinghouse Llectric and Manufacturing Company. The tele-
phone signals observed were mainly those of the services on the fre-
quency bands assigned to international relay broadcasting. These fre-
quencies are approximately 6, 9.5, 11.7, 15.1, 17.8, and 21.5 megacycles
corresponding roughly to 50, 31, 25, 19, 17, and 14 meters. The dis-
tances involved were generally between 3000 and 5000 miles.

It was evident at the outset that a standard form of radio reception
report was essential. The design of a reception log sufficiently simple
and flexible to be used under varied conditions,and yet sufficiently com-
prehensive to indicate data quantitatively, presented a considerable
problem. This was eventually solved satisfactorily by graphic represen-
tation of those factors which determine the quality of reception and
the over-all value of reception for rebroadeast purposes. The assign-
ment of numerical values for the over-all rating is probably the most
outstanding feature of this log for although signal strength is of course
very important, other factors, such as selective fading and interference,
modify the usability of a signal to a very considerable degree. This log
was adopted by all associated companies and by those foreign com-
panies codperating. Fig. 2 is a reproduction of an actual log, and it is
evident that the signal characteristics are apparent at a glance. It was
not until the adoption of this type of reception report that the work of
correlation was placed upon a systematic basis.

Correlation of the reception reports was assumed to be capable of
providing the following data:

(a) the diurnal limits of normal reception throughout the year, at
specified geographical locations, of various short-wave broad-
cast stations on various frequencies,

(b) the amount of reception suitable for rebroadcasting,

(c) the degree of correlation existing between transmission and the
major solar and terrestrial phenomena which may affect high-
frequency propagation,

(d) the practicability of forecasting the occurrerice of disturbing
phenomena.

It was believed that if the attainment, of these objectives could be
achieved in, reasonable measure, international broadeasting would be
placed upon a more practical basis, and program exchanges could be
scheduled with a minimum of cancellations caused by failure of radio
transmission circuits.

Although the limitations of high-frequency radio circuits were
known in a general manner the requirements of high quality broadcast-
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ing were so much more stringent_than those of telegraphy or commer-

cial telephony that the amount of data believed to be useful in the

K work of correlation was limited. The data available relative to terres-

trial magnetic disturbances and high-frequency radio transmission in-
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dicated that transmission suffered severely during magnetic storms, and
that these storms were more frequent and intense during years of
maximum sun spots. Such information was, however, negative and
pessimistic rather than of a nature furnishing useful information di-
rectly.
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Determination of the normal diurnal and seasonal variations in
transmission, dependent upon the degree of ionization existing over the
path, was obviously impossible until the effects of magnetic disturb-
ances could be recognized. At this point it should be noted that a dis-
turbance of the earth’s magnetic field is probably only one of a number
of related transient phenomena resulting from or accompanying a solar
disturbance, and that some of these, such as variations in the ioniza-
tion and electron density of the upper atmosphere, are more effective
in impairing high-frequency propagation than are the magnetic varia-
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Fig. 3—Magnetograms.

tions. However, it is very convenient to speak of the effects of magnetic
disturbances as the phenomenon of terrestrial magnetism is one of the
few among those involved that permits of quantitative measurement.

Practically all magnetic observatories utilize recording equipment
furnishing continuous graphic records of the declination (D) and the
horizontal (H) and vertical (Z) components of the edrth’s field. These
are called “magnetograms.” Typical examples are shown in F ig. 3;—
the first for a normal undisturbed day, the second for a day marked by
a moderate storm, and the third for a severe storm.

Two methods are in general use for furnishing an immediate al-
though approximate indication of the extent to which the earth’s field
is disturbed; daily character figures and daily ranges. The first method
consists in assigning a figure to each day to designate its magnetic
character, “0” indicating a ecalm or relatively undisturbed day, “1”

-+
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a day marked by a moderate disturbance, and “2”
turbance. The second method generally utilizes the dail
tween the maximum and minimum values of the declinati
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the large number of slight disturbances and are, in many cases, ap-
proximations. The daily ranges provide a somewhat better index, but
it is readily apparent that disturbances of widely different degrees of
intensity can exist within similar ranges. Various other methods, neces-
sitating extensive computations, could have been used, but in view of
the large amount of work involved were discarded as impractical, and
a magnetic activity index was evolved, called the summation range,
based upon the daily total of the hourly ranges of the horizontal com-
ponent or the horizontal and vertical components together.

The use of this method over a period of years has proved its prac-
ticability as a very sensitive index. It is particularly effective in detect-
ing the lesser disturbances which are not indicated by character fig-
ures or daily ranges but which affect short-wave transmission to a very
considerable degree in winter or when frequencies close to the limiting
values are used. Six-hour totals have been found very useful in this
respect. The daily summation ranges for 1930 are shown in Fig. 4.

A very substantial degree of correlation between magnetic activity
and transmission has been obtained by this method, and apparently
transmission characteristics are very closely related to the degree of
magnetic activity existing at the time. This is indicated in Fig. 5 which
shows graphically, for Riverhead reception of GH5SW, Chelmsford, Eng-
land, during January and April, 1930, (a) the time at which the signal
had decreased to a weak value, (b) the average over-all rating for the
period 2-7 p.M., and (c) the daily total of the hourly H and Z ranges
computed from the magnetograms of the observatory at Tucson, Ari-
zona. January 15 furnished a typical example of a minor disturbance
affecting transmission and readily detected by this method but which
was not indicated by the character figures or daily ranges of three ob-
servatories.

Further correlation is indicated in Fig. 6 which shows data com-
puted on a weekly basis through 1930 for the 2-7 p.m. daily reception of
G5SW. This period, 2-7 p.M., is of particular interest because it marks
the hours of the evening programs in Europe. The similarity between
the curve of magnetic activity and that of the percentage of reception
having ratings of good or higher is close, and weeks of high magnetic
activity parallel weeks of low average reception ratings. An'interesting
feature of the magnetic curve is the recurrence of high and low values
at intervals of four weeks. Despite the marked irregularity of the
weekly reception the monthly percentage of reception suitable for re-
broadcasting with over-all ratings of good or better remained prac-
tically constant at approximately 55 per cent for the first seven months
and then decreased throughout the remainder of the year. This decline
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was not due to an increase in the number or intensity of magnetic dis-
turbances, for magnetic activity was lower during these months, but
was the normal result of the autumn seasonal transition of this fre-
quency which abruptly shifted the end of the useful reception period
from the night hours to midafternoon.
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Fig. 6—Weekly average reception of G5SW—1930.

The diurnal limits of the useful

cycles are shown in Fig.

period of G5SW on 11,750 kilo-
7 for the year 1931. These limits are based
upon the average over-all reception of the ten least disturbed days per
month and, it is believed, are representative of normal reception. The
general characteristics of these limits during the three years 1929-1931
have been very similar and offer encouragement that the methods of
correlation used are adequate. Inspection of Fig. 7 indicates the exist-
ence of pronounced seasonal variations for 25-meter transmission from
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Europe with the higher grades of reception extending over a period of
hours centered around noon in winter, late afternoon in spring and
fall, and evening in summer. In spring and fall, however, the reception
limits were relatively unstable because of the pronounced changes re-
sulting from the seasonal transitions occurring at approximately the
time of the spring and fall equinoxes. The autumn transitions were
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Fig. 7—Diurnal reception limits of G5SW Chelmsford,
England 11,750 ke—1931.

usually very abrupt each year and carried the end of the useful period
to an earlier hour than in the first part of the year. However, if the
diurnal reception limits be based upon months starting at the winter
solstice on December 21, instead of the calendar year, the chart be-
comes much more symmetrical. )

The daylight-darkness distribution existing over the circuit did not
appear to exert as pronounced an effect upon transmission of this fre-
quency as upon some other frequencies although the greater proportion
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of the higher grades of reception was obtained after the occurrence of
sunset at the transmitter and the transmission path was partly or
wholly in darkness. Sunrise and sunset dips were most pronounced
during periods of low magnetic activity.

It is interesting to note that there has been a shift of the useful
period to somewhat earlier hours each yvear, and that transmission con-
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ditions had improved so materially in 1931 over those of the two pre-
vious years that for the first time normal reception over the greater
part of the year included ratings of excellent. Part of the increase in
the amount of the higher grades of reception was of course due to im-
proved receiver design; it is not likely to have been due to a lowering
of the rating standard for rebroadeast purposes.

Similar charts have been prepared for reception of various other
stations and other frequencies. All European circuits, however, showed

I
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the same general characteristics. Fig. 8 shows the diurnal reception
limits of the 31-meter transmissions of DJA, IKoenigswusterhausen,
Germany, and PCJ, Eindhoven, Holland. It is apparent that this fre-
quency was of less value than 25 meters as the number of hours of good
reception obtained was considerably less. This frequency was also more
susceptible to magnetic disturbances, and the daylight-darkness dis-
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tribution appeared to be a very important factor in propagation. Since
there was little difference in the frequencies, locations, path lengths,
and powers of these two transmitters an interesting opportunity ex-
isted to compare simultaneous reception. Over a period of weeks or
months the average reception of these two stations was very similar
although on some days there was considerable difference between the
two signals.

This agreement of averages was also apparent in the simultaneous
reception at Riverhead, Schenectady, and Pittsburgh of various Eu-
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/

ropean transmitters. The greatest divergence was apparent during
magnetic disturbaneces and at times when the signal strength was nor-
mally low. In general, however, if good reception of a foreign transmit-
ter was_obtained at one of these locations the reception at the other

MEAN VALUES OF AE AND AR FOR MAGNETIC STORMS
OF MARCH 14,1922 AND JANUARY 29,1924
K
6 tro 100 ‘ ‘ s
40 x 10 - : X
A€ MARCH 14,1922 N
— .
> /\\
9 !
2 .
- o | AL JANUARY 29 1924 il
N Z | TN
-3
N 2 | I >
o = | AURORAL FREQUENCY
- 1= N
20 2 05— | {
2 = |
LV
o | A E
hw} 1}
- - X
0 —{—— o .8 /Kx\ A .. 7
7 Z
/ -
e - — = LN e SODAN
HUAN VIEQ SITKA BOW HAR
WATH VASS ANTI HONO TUCS.  CHEL | REF HAR
, , , l l | :
~ 40 ~20 0 +20° +40° +60° +80°
IMAGNETIC  LATITUDE |
|
200 ¥ {—— 100 —— — )
x
> . -~ |
=) e
& [
2
| 3 B8R MARCH 14 1922 f\l
50 |——80 -} _ = = NI N
3 \l T
. - = |
S § AR JANUARY 29 1924 i
= € l ;
003 /—-a0 =4 j_ |\ 4
%a) ’
S AURORAL  FREQUENCY ‘AR
= /
3 k
Wo—tee—o 2 L NN\ — - Ao st —
—t——— // e e 7 T
R = <
” SODAN.
HUAN VIEQ SITKA BOW HAR
WATH VASS | ANTI HONO TUCS CHEL l REF HAR

Fig: IO—Geographical‘ distributipn of magnetic disturbance. (Reprint Journal
Terrestrial Magnetism and Atmospheric Electricity.)

two points was not greatly different. The only peculiarity noted in this
three-point reception was that the build-up of the signals at Pitts-
burgh appeared to lag somewhat behind the build-up at the two more
easterly locations.
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The useful period for normal reception of 12RO, Rome, Italy, is
shown in Fig. 9. This circuit, one of the most southerly of the Iuro-
pean circuits observed regularly, was particularly interesting as trans-
mission irregularities were much less severe during magnetic disturb-
ances than on the more northern paths. Upon many occasions when
signals on the northern circuits had faded out completely transmission
on this circuit remained entirely normal, and it is evident that the
southern European circuits possess a high degree of immunity to the
detrimental effects of magnetic disturbances.

Similar immunity to many of the magnetic disturbances was appar-
ent on the Pacific circuits and on north-south circuits such as those be-
tween North and South America. While the actual explanation is not
readily apparent, it is probable that the geographical distribution of
magnetic disturbances is an important factor and that the degree to
which transmission is disturbed is dependent upon the magnetic lati-
tude traversed by the circuit. Apparently the intensity of a magnetic
storm is greatest at the auroral zone,! the lower limit of which over the
North Atlantic is about 60 degrees north, and decreases quite rapidly
south of this boundary. Fig. 10, which shows the severity of two of the
so-called “great storms” as a function of magnetic latitude, indicates
clearly the pronounced maximum in intensity at the auroral zone, and
it islogical to assume that the minimum of interference onlow latitude
and north-south circuits is due in large measure to their distance from
the area of maximum disturbance. This indicates the desirability of
securing magnetic data from the high magnetic latitudes if possible.
Data for this investigation, obtained primarily from the observatories
at Cheltenham, Maryland, and Tucson, Arizona, which are consider-
ably south of the auroral zone, have, however, provided a high degree
of correlation with transmission over the North Atlantic circuits.

The effects of a magnetic disturbance usually became apparent a
few hours after its commencement, and were evident as changes in
transmission characteristics. Generally these changes could be placed
in one or more of the following classifications:

(a) an advance in the normal daily trend of transmission which
at times resulted in night transmission conditions existing dur-
ing the day,

(b) increased fading which at the maximum produced a signal
equivalent to one modulated with a low audio frequency,

(c) increased attenuation, which caused premature fade-outs of the

!'W. F. Wallis, “Geographical distribution of magnetic disturbance,” Terr.
Mayg., vol. 36, p. 15-22, (1931).
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signals and oceasionally resulted in the complete disappearance
of signals for considerable periods, amounting sometimes to
days.
These effects were more or less progressive in the order indicated for
the high latitude circuits, depending upon the rapidity with which the
disturbance built up and its intensity, and were usually first apparent
on the higher frequencies.

The trend advance consisted of a premature build-up of the signals,
and was most pronounced on circuits traversing the high magnetic
latitudes. This action progressed across the short-wave spectrum from
the high to the low frequencies until a time was reached when the
detrimental effects of the disturbance, increased fading and attenua-
tion, interfered with the build-up and reversed the trend. In summer,
particularly, the intensity of a disturbance often assumed considerable
proportions before any detrimental effects were apparent, and as a re-
sult of the trend advance transmission very frequently showed a sub-
stantial improvement during the early stages of a storm, similar to the
improvement produced by increasing darkness and a higher refracting
layer over the transmission path. Premature fade-outs were almost in-
variably a positive indication of inereased magnetic activity and con-
versely one of the most pronounced effects of quiet magnetic conditions
was the length of the useful signal period.

The desirability of forecasting transmission conditions is obvious,
and any method which will furnish even an approximate prediction of
periods of disturbed and normal transmission, and the degree of dis-
turbance which may be expected will be of considerable and immediate
practical value from an operations viewpoint. The forecasting of trans-
mission conditions, or strictly speaking the deviations of transmission
from normal, depends upon the prediction of magnetic activity since
this was the only phenomenon among those investigated, including sun
spots, faculae and flocculi, that showed any day-by-day correlation
with transmission. In turn, the prediction of magnetic activity must
be based primarily upon its characteristics for although certain meas-
ures of magnetic activity, such as the diurnal variability, show a high
degree of correlation with certain phases of solar activity, such assun
spots, when yearly or monthly averages are considered,? as indicated in
Fig. 11, there does not, appear to be any correlation for short periods
of days or weeks.

Certain of these characteristics can be utilized very profitably in
forecasting. The recurrence of disturbed and quiet magnetic conditions

? J. Bartels, “Terrestrial magnetic activity and its relations to solar phe-
nomena,” Terr. Mag., vol. 37, p. 1-52, (1932).
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i at intervals of approximately 27 days is of course quite well known.?
The importance of these recurrences, however, is that they constitute
a life history of a storm. In many instances the primary disturbance
which inaugurates a storm series is of comparatively low intensity and
the cycle of build-up and decay, the former phase attended by increas-
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ing severity and extension of the disturbance and the latter phase by
decreasing intensity and contraction, can be followed through succes-
sive recurrences. Sporadic disturbances, of which there are a consider-
able number and which at times are of great intensity, areimpossible

. ¢ C. Chree and J. M. Stagg, “Recurrance phenomena in terrestrial magnet-
ism,” Phil. Trans. Royal Soc., A, vol. 227, pp. 21-62, (1927).
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of prediction at the present time, and as the name implies seldom recur.
Those of high intensity generally show certain characteristics which
identify the disturbance as nonrecurring rather than the start of a
storm series, while those of minor severity are usually confined within
fairly definite storm periods. The disturbance distribution from No-
vember, 1929, to May, 1932, is shown in Fig. 12, based upon the Tucson
magnetograms. Inspection of this chart indicates that although the
major disturbances recurred at intervals of approximately 27 days the
undisturbed periods showed a strong tendency to group themselves
into extended sequences whose recurrences were either 26 or 28 days.

Predictions include the summation range in addition to the general
trend and degree of disturbance, and sufficient accuracy has been at-
tained in forecasting to warrant its inclusion as an operations function.
In 1930 the deviations of the predicted summation ranges from the
actual values were less than 20 per cent on 53 per cent of the days,
and less than 30 per cent on 71 per cent of the days, and in 1931 the
figures were 42 per cent and 6+ per cent, respectively. These percentage
deviations are shown graphically in Fig. 13. The highest degree of ac-
curacy in predicting the occurrence and intensity of disturbances was
attained during periods of greatest magnetic activity as indicated in
Fig. 14 which shows the comparative predicted and actual summation
ranges from January, 1930, to March, 1932.

The degree of deviation that can be tolerated before predicted
transmission conditions change materially varies with the season, being
about 25 per cent in winter and 50 per cent in summer, our observa-
tions having shown that the effects of magnetic disturbances upon
transmission are greatest in the winter months. This is particularly
important on single-frequency circuits and emphasizes the desirability
of multifrequency circuits for successful international rebroadecasting.
In addition to the use of several frequencies the reception reports have
shown that transmitters should have a considerable amount of power,
possibly as high as 50 kilowatts, when nondirectional antennas are
utilized, if satisfactory and reliable relaying of broadeast programs is
to be achieved.
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NORTH ATLANTIC SHIP-SHORE RADIOTELEPHONE
TRANSMISSION DURING 1930 AND 1931*

By

CLIFFORD N. ANDERSON

(Amencan Telephone and Telegraph Company, New York (ity, N Y)

Summary—~Considerable data on radio transmission were collected during the
years 1930 and 1931 incidental to the operation of a ship-shore radiolelephone scrvice
with several passenger ships aperating in the North Atlantic. This paper discusses
briefly the results of an analysis of these data. Contour diagrams are given which
show the variation of signal fields with distance and time of day for the rarious seasons
on approrimate frequencies of 4, 9, 13, and 138 megacycles, Similar diagrams show
the distributions of commercial circuits. Curves are also shown which cnable the data
to be applied more generally for other conditions of noisc and radialed power.

NCIDENTAL to the operation of a radiotelephone service be-

J:[ tween ships in the North Atlantic steamship lanes and the
American Telephone and Telegraph Company’s coastal stations

i at Ocean Gate and Forked River, N. J.,%? an attempt has been made
to colleet as much data on radio transmission as possible. Records have
been kept of how satisfactory the circuit was for commercial use on
each contact and signal field strengths on radio transmission from ship
to shore were obtained during most of the time. The study of these

t data involves a statistical analysis and because of the limitations in
the amount of data available, the results are subject to modifications

' as the amount of accumulated data, over a period of years, increases.

S16NAL FIELD STRENGTHS

Frequencies in four radio-frequency bands are utilized for the ship-
shore radiotelephone service; namely, approximately 4 megacycles,
8 megocycles, 13 megocycles, and 17 megocycles. Plots of the signal
field strength data for the midday period 11 a.M. to 1 p.M. ES.T.
(1600-1800 G.M.T.) which have been obtained during the winter
months, November, December, January, and February in 1930 and
1931, are shown as a function of distance in Fig. 1. Similar data for a
late evening hour are shown in Fig. 2. The data as plotted are subject
to the usual errors due to the measurement itself, determination of

* Decimal classification: R113XR270. Original manuscript received by the

!_ Institut.g, June 1, 1932. Presented before U.R.S.I1., April 29, 1932; presented
before New York meeting, June 1, 1932. '

1 W. Wilson and L. Espenschied, “Radio tel i i 7
| Bell Sys. Tech. Jour., July, (p193()). D SR CORES (PR B LT

*C. N. Anderson and I. E. Lattimer, “Operation of a ship-shore radio
telephone system,” Proc. [.R.E,, vol. 20, p. 407—?33; March, (1932?.
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distance, variations in radiated power, type of antenna used, and
errors of analyses. A two-hour period is chosen to indicate the variation
of the fields for daylight transmission as in the method of system opera-
tion, the shore station works first with ships in one half of the ocean
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Fig. 1—Variation of r.
mission from shi
Jersey.

adio field strengths with distance. Midday-Winter. Trans-
ps in north Atlantic steamship lanes to Forked River, New

and then with ships in the other half so that data obtained during a
one-hour period would not indicate the complete picture. The curves
of inverse-distance and Austin-Cohen values corresponding to a radi-
ated power of 250 watts are drawn in for reference. Each of the dotted
curves indicates an approximation of the envelope of the maximum
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fields. These curves are not determined by the data for that particular
hour alone but also by the data for adjacent hours so that the set of
curves indicates a continuous surface.

There are several reasons why the maximum values have been used
instead of the average. First of all, inherent in the method of operation,
data are usually obtained only when the circuit is known or thought
to be satisfactory for commercial purposes. As soon as the circuit be-
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comes uncommercial, a shift is made to another frequency. This tends
to make the average appear higher than it really should be. Secondly,
the number of data at any particular distance for a given hour is usu-
ally too small to obhtain a satisfactory average. To get sufficient points
the units of time and distance would have to be increased, often to the
extent of the mean losing its significance. Lastly, it is felt that the
envelope of maximum values has a physical significance in that studies
previously reported on have tended to show that the inverse-distance
values represent a practical maximum limit of field strengths for radio
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transmission over sea water. The minimum values, approximated by
the Austin-Cohen formula, are essentially limited to strictly ground
wave transmission and, except for transmission over relatively short
distances, usually lie below the lower limit of measurement.

The field strength values below the Austin-Cohen curve on the
8-megacycle and higher frequencies might be explained by assuming
less radiated power along the ground due to the directive properties of
the transmitting and receiving antennas at these frequencies.

The distance range at which inverse-distance values may be ob-
tained on a given frequency as well as the time of day may be very

Midmight 12 0500
"8 - 357 I e
= S =
2 pa T I T T L [ T T 0700
1/ T 1 et Tt — T
- = - e gt
NERmm! =ae= -
A~ 1T A
TV
. 6 / 71—~ A 1100
= A
<
8 / 1300
2 ©
= E
- 10 1500 =
s s
2 60 50 40 30 20 O Jo 2
2 Noon 12 Wi 1700 =
5
€ t H
$ . \[L H
32 X 1900 &
\\ N
C NN 2100
1\ \‘ it O e e
£ N L o o e s s el e o S O O
6 5 — —— — 2300
« N ~—] R U e s ey 2
8 T N T o100
35
10 7 0300
-
=
Midnight 12 0500
[} 500 1000 1500 2000 2500 3000

. Distance in Nautical Miles from Ambrose Lightship .
4 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 8500
Kilometers from Forked River N. J,

Fig. 3—Approximate variation of radio field strengths with distance and time
of day. Contour lines indicate maximum expected field strength in decibels
above 1 microvolt per meter. Frequency 4.2 me. Winter, 1930-1931. Cor-
rected to 1-kw radiated power. Solid lines indicate portions of contours de-
termined by ship-shore data.

much limited. Then too, the degree to which the field strengths ap-

proach the maximum values depends in part upon the absence of any

unusual transmission conditions such as oceur during periods of solar
disturbances. From the dashed curves of Figs. 1 and 2 and similar
curves for the other hours of the day, field strength surfaces can be
built up. The field strength contours of such surfaces for the four fre-

quencies, 4.2 megacycles, 8.8 megacycles, 13.2 megacycles, and 17.6

megacycles for the winter months, are shown in Figs. 3 to 6, inclusive.

Similar contour patterns for summer and for the spring and fall months

are included in the appendix.

As the field strength data were obtained for the most part during
the period 7 A.M. to midnight E.S.T. (1200 to 0500 G.M.T.), the parts of
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the curves determined by extrapolations and interpolations are shown
by the dashed lines. In addition to the data obtained in connection
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", J., on frequencies approximately 9 megacycles, 13 megacyecles, and
3 megacycles. These data, as well as experimental data obtained by
1e Bell Telephone Laboratories,® were particularly helpful in deter-
lining the position of the contours at the 3000-mile distance for most
f the 24 hours.
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The fields indicated by the contour curves of Figs. 3 to 6, inclusive,
jepresenting as they do the maximum values, are obtained compara-
ively seldom. The distributions of the measured values with respect
o these curves, as well as the similar curves in the appendix, are shown

3 C. R. Burrows, “The propagation of short radio waves over the north
\tlantic,” Proc., [.LR.E., vol. 19, p. 1634-1659; September, (1931).
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in Fig. 7. The distributions differ with frequency probably because the
higher frequencies are used more generally for the greater distances
resulting in less stable transmission paths. The mean for 4.2-megacycle
transmission, above and below of which we find 50 per cent of the
values, is 7 db below the envelope of maximum values. For 8.8 mega-
cycles the mean is 10 db below and for 13.2 megacycles and 17.6
megacycles it is 15 db below. The resultant means of fields on the dif-
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B—14,440-ke transmission—“TW” arrav
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ferent frequencies for a distance of 3000 nautical miles for the various
seasons are shown in Fig. 8. These curves can be obtained from the
field strength contour diagrams and the distribution curve of Fig. 7.
The part played by the transmitting and receiving antennas in de-
termining the radio-transmission characteristic is apt to be consider-
able as illustrated by Fig. 9. This figure shows the envelope of maxi-
mum values obtained in transmission from England to the United
States on frequencies in the general vicinity of 13 megacycles with
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ferent types of antennas for the summers of 1930 and 1931. The
caracteristics differ considerably and although, of course, it is hard
{ differentiate between the antenna factor and the effeet of the slight
pquencey differences, it does give some idea of the variation one is
Lely to encounter with relatively small differences in the conditions.
"1e dotted curve corresponds to the contour lines at 3000 miles of the
(tour pattern showing the diurnal variation of 13-megacycle signal
f1ds for summer.

Of interest is the comparison between the curves for 1930 and 1931.
1e 1931 increase in curve B, which was already near the assumed
1aximum .1, is much smaller than in curves C and D.
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DistriBuTION OF CoMMERCIAL TIME

The two most important factors in determining the effectiveness
¢ a radio circuit are the signal field strength and noise. In addition
tere are factors which affect the signal-to-noise ratios such as receiv-
iz antenna discrimination against noise, receiving antenna directivity
i both the horizontal and vertical planes and the relation of these
Jtterns to the direction of the received signal, and the directivity of
te transmitting antenna. Fading becomes increasingly important as
te distance and the transmitting frequency increase.

The diurnal variation in radio noise is shown in Fig. 10 which gives
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the curves determined by extrapolations and interpolations are shown
by the dashed lines. In addition to the data obtained in connection

Fig. 6—Approximate variation
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of radio field strengths with distance and time

of day. Contour lines indicate maximum expected field strengths in decibels
above 1 microvolt per meter. Frequen'cy 17.6 mc. Winter,'1930 and 1931.
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-shore operation, use was made of data obtained in transat-

lantic point-to-point operation between Rubgy, England, and Netcong,
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N. J., on frequencies approximately 9 megacycles, 13 megacycles, and
18 megacycles. These data, as well as experimental data obtained by
the Bell Telephone Laboratories,® were particularly helpful in deter-
mining the position of the contours at the 3000-mile distance for most
of the 24 hours.
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The fields indicated by the contour curves of IFigs. 3 to 6, inclusive,
representing as they do the maximum values, are obtained compara-
tively seldom. The distributions of the measured values with respect
to these curves, as well as the similar curves in the appendix, are shown

* C. R. Burrows, “The propagation of short radio waves over the north
Atlantic,” Proc., [.R.E,, vol. 19, p. 1634-1659; September, (1931).
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in Fig. 7. The distributions differ with frequency probably because the
higher frequencies are used more generally for the greater distances
resulting in less stable transmission paths. The mean for 4.2-megacycle
transmission, above and below of which we find 50 per cent of the
values, is 7 db below the envelope of maximum values. For 8.8 mega-
cycles the mean is 10 db below and for 13.2 megacycles and 17.6
megacycles it is 15 db below. The resultant means of fields on the dif-
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Fig. 9—Variation of maximum 13 me signal field strengths. Diurnal variation
for different transmitting stations; Rugby, England, to Netcong, New Jer-
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ferent frequencies for a distance of 3000 nautical miles for the various
seasons are shown in Fig. 8. These curves can be obtained from the
field strength contour diagrams and the distribution curve of Fig. 7.
The part played by the transmitting and receiving antennas in de-
termining the radio-transmission characteristic is apt to be consider-
able as illustrated by Fig. 9. This figure shows the envelope of maxi-
mum values obtained in transmission from England to the United
States on frequencies in the general vicinity of 13 megacycles with
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different tvpes of antennas for the summers of 1930 and 1931, The
characteristics differ considerably and although, of course, it 1s hand
to differentiate between the antenna factor and the effect of the shight
frequency differences, it does give some ulea of the vanation one s
likely to encounter with relatively small differences in the conditions
The dotted curve corresponds to the contour lines at 300 miles of the
contour pattern showing the diurnal vanation of li-megacyvele signal
ficlds for summer.

Of interest is the comparison between the curves for 1930 and 1931
The 1931 inerease in curve B3, which was already near the assumed
mavimum A, is much smaller than in curves ¢ and 1.
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Fig. 10— Diurnal variation of radio noise measured in terms of signal field
strength required for a commercial circuit. Simple vertical receiving an-
tenna. Forked River, New Jersex—spring and fall months. Figures denote
spproximate frequency in megacyceles.

DistriBuTION oF CoMMERcIAL TIiME

The two most important factors in determining the effectiveness
of a radio circuit are the signal field strength and noise. In addition
there are factors which affect the signal-to-noise ratios such as receiv-
ing antenna discrimination against noise, receiving antenna directivity
in both the horizontal and vertical planes and the relation of these
patterns to the direction of the received signal, and the directivity of
the transmitting antenna. Fading becomes increasingly important as
the distance and the transmitting frequency increase.

The diurnal variation in radio noise is shown in Fig. 10 which gives
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the field strength of a steady signal required to give a circuit just usable
for commercial telephone communication. The diurnal variation is
greatest on the lower radio frequencies so that, whereas 8- to 10-
decibel signal fields are satisfactory for daytime reception of 4 mega-
cycles, 28- to 30-decibel signal fields are required at night. The curves
for 4.2 megacycles and 8.8 megacycles are interpolated from the meas-
urements on frequencies on either side.

‘The approximate variation of percentages of usuable circuits with
distance and time of day on the various frequencies for the winter

MIDNIGHT 12 0500
Ve
y i T
2 o5 | op 4 ] o700
& 7 P Loy~
~
P / =1 0900
/ // //, 1
H ol
< \ / L P 1100
/ sl
BY 8 I P 4-/ w
y 1 7 1300 ¥
S ‘A F
) 10 4
g 1] A 1500 2
2 noow 12 I 2
5 i =
9
z 5 TV H
H { 1900 2
¥
[~
< \\ \ N «
o 4 Nt 2100 ©
1 N~ T
I 4 N Q:-\:s — ‘i“'——v——___
2 ~ N 2300
AY N N
! /
8 0I00
A A
) v 7
0 /’ > 7] /'” f 6300
A
[ [ 1/ /1 dEN
MIDNIGHT 12 0500
o 500 1000 1500 2000 2500 3000
, | , DISTANCE IN NAUTICAL MILES FROM AMBROSE LIGHTSHIP
U U U U
0 500 1000 1500 2000 2500 3000 3300 4000 4500 5000 $500

KILOMETERS FROM FORKED RivER N J,

Fig. 11—Approximate variation of per cent commercial time with distance and
time of day derived from idealized curves of signal field, data of diurnal
variation of radlo.noise, and data on commereial circuits correlated with
signal-to-noise ratios. Transmission from ships in north Atlantic shipping
lanes to Forked River, New Jersey. Radiated power approximately 250
vivgzstfs. Receiving antenna arrays used. Frequency 4.2 me. Winter, 1930~

months are shown in Figs. 11 to 14, inclusive. Similar curves for sum-
mer and spring and fall are given in the appendix.”As the number of
observations at a given distance, a given hour of the day, and on a
given frequency, are generally too limited as yet to permit of significant
generalizations as to the distribution of percentages of commercial
circuits, the curves have been derived from computed values of signal-
to-noise ratios and curves showing the correlation between these
signal-to-noise ratios and the results of percentages of commerical time
as actually obtained in practice. The curves of Figs. 3 to 6 were used
for the signal data and curves similar to those of Fig. 10 for the noise.
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| Fig. 12— Approximate variation of per cent commercial time with distance and
time of day derived from idealized curves of signal field, data of diurnal
variation of radio noise, and data on commercial circuits correlated with
signal-to-noise ratios. Transmission from ships in north Atlantic shipping
lanes to Forked River, New Jersey. Radiated power approximately 250

watts. Receiving antenna arrays used. Frequency 8.8 mec. Winter, 1930-

;
1931.
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Fig. 13— Approximate variation of per cent commercial time with distance and
time of day derived from idealized curves of signal field, data of diurnal
variation of radio noige, and data on commercial circuits correlated with
gignal-to-noise ratios. Transmission from ships in north Atlantic shipping
lanes to Iorked River, New Jerscy. Radiated power approximately 250
vlvatts. Recciving antenna arrays used. Frequency 13.2 me. Winter, 1930-
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Fig. 14—Approximate variation of per cent commercial time with distance and

time of day derived from idealized curves of signal field, data of diurnal
variation of radio noise, and data on commercial circuits correlated with
signal-to-noise ratios. Transmission from ships in north Atlantic shipping
lanes to Forked River, New Jersey. Radiated power approximately 250
watts. Receiving antenna arrays used. Frequency 17.6 me. Winter, 1930
1931.
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Fig. 15—Variation of per cent commercial time with signal-to-noise ratios.
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The relation of the per cent of commercial time with the variation
of signal-to-noise ratios is shown in Fig. 15. This permits us to evaluate
approximately the effect of changes in radiated power upon the com-
mercial results of the radio circuit. For example, with a reduction of
10 db in the signal-to-noise ratios, such as would result from substitut-
ing a 50-watt radio transmitter for a 500-watt transmitter, the per-
centage of commercial time of a circuit with, say, 80 per cent would be
reduced to 30 per cent.

The distributions of commercial time apply, of course, only to the
particular transmission path and with the particular terminal arrange-
ments. To enable the results to be more generally applicable requires

a further study in evaluating the antenna gains and other factors. Such
studies are in progress.

APPENDIX
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Fig. 16—Approximate variation of per cent commercial time with distance and
time of day derived from idealized curves of signal field, data of diurnal
variation of radio noise, and data on commercial circuits correlated with
signal-to-noise ratios. Transmission from ships in north Atlantic shipping
lanes to Forked River, New Jersey. Radiated power approximately 250

watts. Receiving antenna arrays used. Frequency 4.2 me. Sprin
1930-1931. juency pring and fall,
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Fig. 23—Approximate variation of per cent commercial time with distance and
time of day derived from idealized curves of signal field, data of diurnal
variation of radio noise, and data on commercial circuits correlated w;th
signal-to-noise ratios. Transmission from ships in north Atlantic shipping
lanes to Forked River, New Jersey. Radiated power approximately 250
watts. Receiving antenna arrays used. Frequency 17.6 me. Summer, 1930-

1931.
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Fig. 25—Approximate variation of radio field strengths with distance and time

of day. Contour lines indicate maximum expected field strengths in decibels
above 1 microvolt per meter. Frequency 4.2 me. Summer, 1930-1931. Cor-
rected to 1-kw radiated power. Solid lines indicate portions of contours de-
termined by ship-shore data.
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Fig. 26—Approximate variation of radio field strengths with distance and time

of day. Contour lines indicate maximum expected field strengths in decibels
above 1 microvolt per meter. Frequency 8.8 me. Spring and fall, 1930-1931.
Corrected to 1-kw radiated power. Solid lines indicate portions of contours
determined by ship-shore data. Information on diurnal characteristic at
3000 miles supplemented by point-to-point transmission.
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27— Approximate variation of radio field st rengths with distance and time
of day. Contour lines indicate maximum expected field strengths in decibels
above 1 microvolt per meter. Frequency 8.8 me. Summer, 1030-1931.
Corrected to 1-kw radiated power. Solid lines indicate portions of contours
determined by ship-shore data. Information on diurnal characteristic at
3000 miles supplemented by point-to-point transmission.
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Fig. 28— Approximate variation of radio field strengths with distance and time

of day. Contour lines indicate maximum expected field strengths in decibels
above 1 microvolt per meter. Frequency 13.2 mc. Spring and fall, 1930-1931;
Corrected to 1-kw radiated power. Solid lines indicate portions of contours
determined by ship-shore data. Information on diurnal characteristic at
3000 miles supplemented by point-to-point transmission.
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SHORT-WAVE TRANSMISSION TO SOUTH AMERICA¥*
By

C. R. Burrows anp E. J. Howarp
(Bell Telephone Laboratories, New York City)

Summary —The results of a year’s survey of lransmission condilions between
New York and Buenos Aires in the short-wave radio speclrum are presenled in this
article. Surfaces showing the received Jield strength as a function of time of day and
Srequency are given. These show that Srequencies between 19 and 23 megacycles were
best for daytime transmission, and those between 8 and 10 megacycles for nighttime
transmission. A transition Sfrequency was required in the early morning, but the use-
Sul periods of the day and night frequencies overlapped in the evening.

No variations that could definitely be traced to a seasonal effect were found.
This path is much less affected by solar disturbances than the transatlantic.

Frequencies above 30 megacycles appear to have but little commercial value over
this path. Frequencies a few megacycles higher could not be received.

INTRODUCTION

EFORE the establishing of telephone service between the Bell
I% System in this country and the network of the International

Telephone and Telegraph Company in Argentina, Chile, and
Uruguay, an investigation of short-wave transmission over this path
was considered desirable. Although a considerable amount of data on
short-wave transmission had been accumulated over a period of sev-
eral years, mostly over the North Atlantic path between New York
and London,! there were several ways in which this path differed from
any that had at that time been investigated with quantitative receiving
apparatus.
Some of the differences in the two paths are as follows:

1. The contemplated north-south circuit is one and one-half times
times as long as the cast-west.

2. The difference in time between terminals of the north-south
path is one hour as against five hours on the east-west path;
the path of transmission is nearly parallel to the “shadow line”
instead of at right angles to it.

3. The seasons in Argentina are opposite to ours, while those in
England are the same as ours.

4. Approximately two-thirds of the path to South Americ4 is over
land while that to England is almost entirely over water.

5 Decimalclassiﬁcation:R113.0rigina1 manuscript received by the Institute,
June 28, 1932.

1 See C. R. Burrows, “The propagation of short radio waves over the North
Atlantic,” Proc. L.R.E,, vol. 19, pp. 1634-1659, September, (1931).
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In order to determine the nature of the differences in transmission
twenty-four hour tests were conduected once a week from October 21,
1928, to May 17, 1929, From then until the conclusion of the test,
November 1, 1924, the test consisted of transmission every other week
during the most important sixteen hours of the day. The general type
and procedure of these tests were the same as those employed in the
investigation of transmission conditions to Fngland. They included
field strength, noise, and intelligibility measurements on 6.755, 10.55,
16.27, 21.42, 27.51 megacycles (Ht4, 2844, 1844, 14, 10,9 meters).

The transmitter used was the same one employed in the trans-
atlantic tests.? A power of approximately 5 kilowatts was radiated
from vertical half-wave antennas for all frequencies except the two
highest for which a power of only 1 kilowatt was radiated.

Field strength measurements were made on a set developed by
H. T. Friis and E. Bruce and deseribed in the ProcEEDINGS.? Antennas
used with these sets consisted in each case of single vertical wire ele-
ments which were ealibrated at each frequency against a standard loop
as suggested in the above-mentioned article.

FIELD STRENGTH NURFACES

Average transmission conditions over this path are shown at a
glance in Fig. 1. Tt gives the field strength as a function of the time
of day and the frequency. Points within the two black® regions specify
conditions when the signal is not received. The first represents the poor
nighttime transmission on the higher frequencies; the second depicts
the period in the daytime when the lower frequencies fail. The indi-
vidual diurnal variation curves show a tendency for a daytime valley
to be present even on 27 megacycles. Another fact that is averaged out
in the surface is the tendency of the ficld on the lower frequencies to be
slightly higher just after it comes in and before it goes out than it is
during the rest of the useful period.

The change of seasons does not produce a marked effect in the trans-
mission conditions over this path. This may be seen by comparing
Figs. 2 and 3 which represent quarterly periods about a solstice and an
equinox, respectively.® This behavior is due to the opposition of the

? Loc. cit., page 1635. ) .

3 “A radio field strength measuring system for frequencies up to forty
megacycles,” Proc. .LR.E., vol. 14, pp. 507-521; August, (1926). )
__+The level of this region is probably much lower than the —20 decibels
indicated at the boundary. The sensitivity of the measuring set and noise pre-
cluded the determination of the exact level. ) )

s During the remainder of the year the test periods were reduced to bi-
weekly, and later the unimportant commercial hours were omitted. The data do

not indicate any difference between the quarters for the equinoxes or between
the quarters for the two solstices. :
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seasons over the north and south halves of the path. Some seasonal
effect probably remains in spite of this tendency toward cancellation,
but it is of minor importance and diffcult to separate from the large
day-to-day variations resulting from other causes. It seems likely to
the writers that for this path the solar cycle has a more marked effect
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Fig. 1—Average field strength surface for October 12, 1928, to November, 1,
1929. Decibels ahove Lur/m for 1 kilowatt radiated.

than the cycle of the seasons.® This is in marked contrast to conditions
over paths well away from the equator, for example, those over the
North Atlantic.”

5 Conclusions should not be drawn from data from one vear only in view of
possible differences in solar activity, e.g., a 15-month solar cycle. See H. T.
Stetson, “The influence of sunspots on radio reception,” Jour. Frank. Inst.,
vol. 210, pp. 403-419; October, (1930).

" Compare with Figs. 13 and 14 of reference 1.
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All of the surfaces show that generally speaking frequencies be-

tween 19 and 23 megacycles were best during the daytime, and those

between 8 and 10 megacycles were to be preferred at night. Sometimes

lower {requencies gave higher field strengths but this advantage was
usually offset by a higher noise level.

27.51

21.42

16.27

10.55

TRANSMITTED FREQUENCIES
FREQUENCY — MEGACYCLES

6.755—

0O 2 4 6 8 1012 14 16 18 20 22 24
EASTERN STANDARD TIME

Fig. 2—Average field strength surface for solstice quarter November, 1928, to
January, 1929. Decibels above lup/m for 1 kilowatt radiated.

When the daytime absorption on the lower frequencies is still pro-
nounced on 21 megacycles, a higher frequency may give stronger fields.
This was the case with the 27-megacycle frequency on several of the
test days.

Another weak period oceurs at the time when it is necessary to
change from a night frequency to a day frequency (6 or 7 o’clock,
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E.S.T.). This was the most difficult time for transmission during the
year of these tests. There was usually a lapse of about two hours be-
tween the time of high fields on the night frequency and the time of
high fields on the day frequency. The most help, at these times would
come from an intermediate frequency such as 16 megacycles.
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Fig. 3—Average field strength surface for equinox quarter February to April,
1929. Decibels above 1un/m for 1 kilowatt radiated.
Day-to-day variations were very much less on the lower frequen-
cies than on the higher ones. On the two lower frequencies, 6.7 and
10:5 megacycles, the times when the signal came in were very nearly
the same on all of the test days. The same can be said of the time when
it disappeared. Between these times the field strength curve was com-
paratively flat and high. On the two higher frequencies, 27 and 21

1
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megacycles, on the other hand, the field strength curves showed con-
siderable variation among themselves. Sometimes the curve on these
frequencies had one high level region, sometimes it exhibited two or
more peaks, and at other times the first peak would be absent result-
ing in weak signals during the early part of the period.

Fig. 1 indicates that between 14 and 18 megacycles a frequency
can be chosen which is influenced both by the nighttime skip depression
and by the midday absorption minimum. The combining of these op-
posing tendencies in one diurnal characteristic will result, so to speak,
in the cancellation of the component having a twenty-four hour period,
and will leave instead a second harmonic of the daily cycle. The test
frequency 16.27 megacycles often exhibited this characteristic. Day-
to-day variations in the transmitting medium changed the type of the
characteristic on this frequency in an crratic manner. Sometimes it
resembled a night frequency, though more often it had day frequency
characteristics. It seems likely that a study of these fluctuations may
assist in the determination of the causes of the day-to-day fluctuations
in the medium.

A few tests were conducted on 31 and 36 megacycles. The 31-mega-
cycle frequency was received on all of the test days at some time dur-
ing the period 1000-1500 E.S.T. Iield strengths as high as the maxima
measured on 27 megacycles were sometimes obtained. The diurnal vari-
ation curves are so different for the different days that an average
curve would be misleading. This frequency of 31 megacycles has little
commercial value because of the irregularity of the time it is received.

Thirty-six megacycles was never reccived. The maximum signal at
36 megacycles during any of the tests must have been at least 15 de-
cibels below that on 31 megacyecles since a signal of this intensity could
have been detected with the recciver employed. This would seem to
indicate that the upper limiting frequency for this path lies near the
range of 31 to 36 megacycles.

It may be well to point out that measurements of the type here
presented are not independent, of the type of transmitting and receiving
antennas employed. This is due to the fact that the transmitting me-
dium shows a preference for signals having a certain angle of departure
and a certain angle of arrival. In order to determine the loss occasioned
by the medium, the efficiency of the antenna in these directions must
be taken into account. At best a complicated process, this becomes very
difficult if not impossible when transmission occurs over several paths
simultancously as, in all probability, it usually does.

It is conceivable that these considerations may explain to some ex-
tent the erratic behavior of the highest frequencies used in these tests.
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For 31 megacyecles the preferred angles may be so near to the horizontal
that the low efficiency of the antennas in this direction made reception
very difficult. Potter and Friis® have found that 21-megacycle signals
from South America are strongest for antennas with low angle polar
characteristies in the vertical plane.

DisTurBED DAays

Transmission over this path has not been as adversely affected dur-
ing periods of solar acitivity as that over the North Atlantic. The rela-
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Fig. 4—Diurnal variation curves on the day frequency showing relative effects
of solar activity on transatlantic and South American transmission. The
reduction in field strengths on the disturbed day, August 7, 1930, is less
pronounced on the South American path (compare curyes (1) and (3)) than
on the transatlantic path (compare curves (2) and 4).

tive effects of solar activity on the two circuits are illustrated in Fig. 4.
These curves show the received field strength on the day frequency
for the two paths. The curves for August 7, 1930, show the conditions
during a period of solar activity. The curves for August 5, 1930, show
conditions on an undisturbed day preceding this period of solar activity.

® “Some effects of topography and ground on short-wave reception,” Proc.
LLR.E., vol. 20, pp. 699-721; April, (1932).
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These curves show that transmission conditions were much more ad-
versely affected on the transatlantic path than on the South American
one. Although this was one of the more severe solar disturbances, tele-
phone communication to South America was not seriously affected.

TransMmiIssioN ConpiTioNs OF INDIVIDUAL Davs

It may be interesting to supplement the average conditions set
forth in Figs. 1 to 3 with the typical daily curves shown in Figs. 5 and 6.
An inspection of these curves show that marked differences occur from
day to day.

Without attempting to illustrate each point, the following charac-
teristics may be mentioned in order to portray different types of the
variations which occur:

(1) The daytime absorption minimum which is always present for
the lower frequencies frequently seems to extend as high as 21
megacycles and perhaps even higher. At these higher frequen-
cies the depth of this minimum is not ordinarily sufficient to
interfere with commercial traffic.

(2) At 27 megacycles, great variability exists in the duration of
the period when strong signals are received. This is well illus-
trated by Figs. 5 and 6.

(3) 16 megacyecles occasionally can be received through the full 24
hours (Fig. 5). Usually it takes on the characteristics of a day
or night frequency, and sometimes it shares the weak periods
of both day and night waves.

(4) The low frequencies (6.755 and 10.55, inclusive) behave the
most consistently as regards the times of the beginning and
ending of the useful period.

COMPARISON WITH TRANSATLANTIC TRANSMISSION

With the aid of the data presented in a previous article® the follow-
ing comparisons may be made between transmission over the North
Atlantic and to South America:

(1) With similar facilitaties, it should be possible to maintain a
better grade of service throughout the twenty-four hours be-
tween New York and Buenos Aires than between New York
and London.

(2) On the New York-Buenos Aires circuit, the interruptions due
to disturbed solar conditions were fewer and of shorter duration
than on the circuit to London.
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16 megacycles. Received all day, shows both absorption and skip depressions.

SOUTH AMERICAN-JAN. 25,1929.

Fig. 5—January 25, 1929.

27 megacycles. One narrow peak at 1500.
21 megacycles. Flat plateau 0700-1900.

10 megacycles. Rounded plateau 1500-0700 with depression.
6 megacycles. Rounded plateau 1600-0600 with depression.

Dotted curves indicate minimum measurable signal.
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Fig. 6—May 10, 1929.
27 megacycles. Plateau 0700-2100 with three minor peaks.
21 megacycles. Rising plateau 0500-2300. ) )
16 megacycles. Plateau 0600-2400 with wide depression around noon, ris-
ing slope after first peak. . .
10 megacycles. Plateau 1500-0700 with three depressions.
6 megacycles. Plateau 1600-0600 with slight depression.

Dotted curves indicate minimum measurable signal.
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(3) There was no weak period at sunset in the New York-Buenos
Aires transmission as there is in the New York-London trans-
mission.

(4) For frequencies around 27 megacycles there is better trans-
mission to Buenos Aires than to London. This is due in part
to the greater length of transmission path,? but may also be
due to other factors, such as more intense illumination from
the sun and greater separation from the magnetic poles.

(5) At midday there is greater absorption on the lower and inter-
mediate frequencies on the South American than on the trans-
atlantic path. This absorption dip was even noticeable on all
the transmitted frequencies 6.7, 10, 16, 21, and 27 megacycles
on more than half of the test days. The greater length of path
and more intense illumination from the sun are in the right
direction to cause this greater absorption.

(6) Transmission conditions to Buenos Aires on a given frequency
are in many ways comparable with those to London on a fre-
quency 33 per cent lower. This was particularly noticeabie at
the transition frequencies (about 16 megacycles to Buenos
Aires and about 10 megacycles to London).

(7) For the South American circuit the changes between night and
day transmission conditions are more abrupt than on the trans-
atlantic path. This is presumably due to the fact that the times
of sunrise and sunset are more nearly the same at the trans-
mitter and receiver on the former than on the latter.

(8) The seasonal change in transmission conditions is very much
less pronounced between New York and Buenos Aires than be-
tween New York and London. In fact no variations that could
unmistakably be attributed to seasonal changes have been
found for the former path.

(9) The results of these tests do not substantiate the view that
transmission over this path is more difficult during an equinox
than during a solstice.

(10) The atmospheric noise has the following general characteristics
at both locations:

(a) the noise increases with decrease in frequency,

% The reason for this is obtained from consideration of the fact that, for
the same conditions of the Kennelly-Heaviside layer, the higher frequencies are
not returned to the earth within as short a distance as the lower frequencies.
That is, the skip distance is longer for the higher frequencies. Greater ionization
due to more intense illumination from the sun tends to decrease the skip dis-
tance.
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(b) the range of its diurnal variation increases with decrease
in frequency,
(¢c) the maxima of the noise and signal diurnal variation occur
at approximately the same time, and likewise their
minima.
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TRANSMISSION CURVES OF HIGH-FREQUENCY NETWORKS*

By
S.J. MobeL

(State Weak-Current Corporstion, Radio Transmitter Research Institute, Leningrad, U.S.S.R.)

Summary —The aim of this article is to deduce the design dala on frequency
transmission, which are necessary in designing the networks for high-frequency
modulated waves.

In the first section the general laws of currenl variations in circuils tuned to
carrier frequency with and without tube generator are derived; the interdependence
of current curves of various circuits forming a given network is also clarified.

The second section gives the derivation of the transmission curve equation for a
two-circuit system, analyzes the curve shape as dependent upon the parameters of
the circuits and the coupling factor between them, and also explains the part the
tube generator plays in restricting the field of application of formulas derived. More-
over, lhe equation of the current curve for tnaccurately tuned circuits is given, which
shows that inaccurate tuning results in asymmetrical curves and for that reason is
not to be recommended.

The third section contains the derivation of the transmission curve equation for
a three-circuil system and the analysis of the curve shape as dependent on parameters
of circuils and coupling factors between them.

INTRODUCTION

HE extensive use of high-frequency modulated waves in broad-
casting, television, and telegraphy makes the problem of un-
distorted frequency transmission very important in the whole
range of waves, from the longest to the ultra-short. The literature on
the subject, however, does not give sufficient data convenient for an
engineering design. The present article tries partially to fill up this gap.
All the principal theoretical statements (derived by the author in 1920)
have been checked by experiments with transmitting equipment. The
experimental study has shown the possible divergencies between prac-
tice and theory, the causes of these divergencies and the field within
which theoretical statements coincide with experimental data.
Moreover, a number of conclusions useful for designing receiving
apparatus is incorporated in this article.

I. GENERAL RELATIONS

First, consider a general system of N circuits, each circuit (number
n) being coupled to as many as two adjacent, the preceding (number
n—1) and succeeding (number n—+1), circuits. The first circuit is con-

* Decimal classification: R140. Original manuseript received by the Insti-
tute, July 11, 1932.
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nected to a tube generator (Fig. 1), instead of which, as tube-generator
theory proves, a source of e.m.f. with suitable internal resistance R;/«
can be used; herein K; is the internal plate resistance of the tube as

A/ Y/ VAR S A VAR V! 4 N
i rén-. Mnt[Cn | Mn Cr‘:/'l— -ﬂ
é EL:A Cn
Zn+ 2n Znd % R
Rt Rnet

Fig. 1

i

|
4'\ / \
S U L WO N B

Fig. 2

determined by its static curves, and a is the plate-current fundamental
wave factor of either the B or C class of amplification. (Fig. 2.)

26 — sin 26

a = 2

(When class B amplification is used 6 =m/2;a=0.5.)

In case of reception, networks are possible in which an e.m.f. is
directly applied to the first circuit. Thus, the two types of networks
are obtained. (Figs. 3 and 4.)

For the sake of simplicity, inductive coupling between various cir-
cuits is shown. It will be shown later, that capacitive or capacitive-
inductive coupling gives practically the same results as inductive, as
far as the frequency transmission curve is concerned. Frequency trans-
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mission through a given network can be judged by the resonance curve,
which represents values of current in the last circuit (e.g. antenna cur-
rent) plotted against the driving frequency, the e.m.f. amplitude being

kept constant.

Each circuit with elements independent of frequency is supposed
to be separately tuned to the carrier frequency. It will be shown later
that such tuning is necessary to avoid distortion due to phase modu-

lation.

Zu

Cw

Ln Cw

RN

Fig. 4

The following notation will be used:

wo = 27f,
w=wy +
R,
0, = B.wC, =
O)()Ln
M,
K,= — -
\//LnLn+l
K2
5./ = 6 +
5ln+1

resonance frequency (carrier)

pulsation (of side bands) differing from
resonance frequency by an audio fre-
quency $2=27F (here £ has both
signs +)

decrement coefficient of circuit number n

coupling factor between circuit number
n and circuit number n+1

total decrement coefficient of the num-
ber n circuit, in which K2?/8’,,; is the re-
duced decrement coefficient of the next
circuit
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Zo equivalent impedance of tube generator
load under resonance conditions (this
value is predetermined by the power re-
quired, the characteristics and operating
conditions of the generator, and not by
network configuration)

Z same at frequency w =wo+ {2

Z, =R, + j<wLn — > circuit number n impedance

w(C,
.o = R, same at resonance conditions
‘Z‘[ 2 o a o
R’ =R Wo M n total resistance of the number n circult
" " R i under resonance conditions
w2 : .
, Hon total impedance of the number n cir-
Z,)'=Z.+— .
YA cuit.

At the resonance frequency wo the latter impedance will be equal
to the total resistance, viz:

Z. =R,
Neglecting Q2/wq? as compared to 1 we have:
wo + 0L.Co — 1 2Q
Zn = l{n +J( : ) él{n +J_—_w0]1n.
wC, w
2Q
Z,,=Rn<1+j6>- (1)

In case of single-circuit tube generator, the equivalent of the load
under resonance conditions is:

1{1 + jqul 141 . 1
¢ ngC1R1 Cllfl ’ wocl

Neglecting the reactive component which is considerably smaller
than the other, we have:

(2)

In practice the circuit is tuned to minimum direct-current com-
ponent of the plate current, which usually corresponds to
L,

Zo = ——
T C.R,
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at the frequency

As these frequencies diverge from each other but little, the assump-
tion that the circuit is tuned to frequency

1
15500

2

Wo

will not introduce any substantial error.
Making the same assumptions, the impedance Z, at frequency wq
is given by

L,
7 = (3)
A
in which,
Q
Z, = Rl<1 +j—>
w51
Therefore,
Zy, Z, i 20 )
zZ R s
For the N'th circuit of the system (Fig. 3)
Z = ZCZ_U
AY
in which,
o , ) w2
Z,_- = 1/](.0( 1 Z‘\[ = ]{1 +Jw141 +
Zo w Zao Z -
—=— (5)

Z Wy Z_\I 1{1,
The current in the primary circuit is

1z
g, zZ/
A

I = uE,

a

Designating the current at resonance frequency by I,, we will

have:
110 . Z+Rz/a le w

_— = 6
11 Zo—{-R;/a Rl, Wy ()
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Tt should be noted that the assumption a=const. for the whole
range of frequencies cannot introduce any considerable error, because
the plate-current curve of generator tubes is primarily determined by
the amplitude of grid voltage, and not by the plate reaction unless
plate overvoltage exists, which case will be considered farther. The
relation (5) ean be simplified as we can without appreciable error write:

ZM, éjw]Jl.

(A similar simplification was made in deriving Z.) Then,

7=z, (7)
7
Substituting this in (6) and to simplify, writing
B =aZyl;. (8)
We obtain
110 w 1 Z/
e Ak ) ©

The current in the ecircuit number n:

In-lwA‘[n—l
I, = - :
zZ,

It is easy to see the following relation between the currents in the
last and first circuits (Fig. 3):
(J.)N_lj‘[l]‘[z o A[N—l

Zy'Zy - - Zx

IN=11

Let Iy current at resonance frequency, then

Ino I <w0>‘v_l 77y - - Zx
In /q RSBy - - - Ry

w

Thus by (9) we obtain

INO Wo N-2 1 Z1,Z2, RN Zzlzal o ZN
— = —) — 2. (D)
IN w 1 + 6 Rl,[fz, o [{‘v Ifz Ral o [ﬁv

Tt is evident that the exponent of (wo/w) depends on the number of
inductive or capacitive couplings.

The case of e.m.f. directly impressed upon the primary circuit
(Fig. 4) may be considered as the particular case in which 8 =0. Then:
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I Z'

I, Ry

and therefore,

Wy N-1 ZI,ZQI e ZN
e _ () | "
IN w Ifl,lle cot 1\)}\'

Apart from currents it is interesting to know the law of change of
voltage V across the primary circuit which is also the reactive voltage
across the tube:

Vo T Zw _ lewr
Vv I, Zy I, w
Combining this with (9):
L #<Z‘/ + 6). (v)
V 1 +8\R/
Combining (9) and (10):
ﬂ _ Ino/In ‘ (12)

" RiRy' - - - Ry

The divisor represents the curve of the output current for the case
when first circuit on the input end is omitted and the source of e.m f.
is connected in series with the second circuit (see (11)). Consequently,
for obtaining the voltage characteristic, the ordinates of (10) should be
divided by the ordinates of (11), the latter representing a system from
2 to N circuits.

Similarly, the current curve in the circuit number # -

Lo _ Iso/Iy

In <w0)N—n Zln+lZ,n+2 T ZA\'(
Il),n+llfln+2 ot R‘\

w

is a ratio of ordinates of the curves of Fig. 10 to ordinates of the curves
of Fig. 11 which corresponds to a system from (n+1) to N circuits
with the source of e.m.f. connected in series with number (n+1) cir-
cuit.

In case of a single circuit (Fig. 5), neglecting the term w/wo, we
have:
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I 1 Zy . 2Q
————[—+B] 14—

I, 1+8LR, wdi(1 + )
The modulus of this equation is
I, 1
- aoy
Vi + [ n)
Comparing it with usual single-circuit resonance formula
‘ il ! (14"
I

— 20V
L
w61
we realize that the tube causes an increase of decrement (1+48) times,
and therefore improves the transmission curve.

Ri

Li

Ri

|

In case of several circuits, the effect of the tube is to increase the
decrement of the primary circuit (Fig. 4) by 88/, and to increase the
total decrement 6,’, (14-8) times.

Fig. 5

1I. Two-CircurT SYSTEM

For the two-circuit case (Fig. 6) we have:

Fig. 6
* The expression was in another way derived by G. A. Zeitlenok, Westnik
Elektrotechniks no. 1, (1930).
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1 1 Z\'7Z Z
_1"=__< L _2> (107)
I, 1 + B\R\/R, R,
v Ia/1
= = e (127)
! Zo/Ry e 5.
Rl/RQ = Ifllfg -~ w02‘7‘12 = ]f][f2<1 —+ "——> = Ifllfg—‘
6162 62
.ZIIZQ = Z1Z2 + (.021‘[2
winf(1+55) (1 +ig)+(5) 5]
s L ]w51 Jwég W 5162
Neglecting 2%/ w,® as compared to 1, we have:
w\? 2€)
ere
wo wo
After suitable substitutions, we derive:
AWA 202\ 1 2Q 6,/ — 6, 2Q (6, + 69)
B (B L BB, MGG, o
Rl Rg w 51 52 Wo 61, w 61 52
Iy 1 [1+B <29>2 1
I, 1+ }8 w 0169
2Q 61 — 0o 28 (61 4 6, + B61))
LEL 1 e
wo 51 w 51,62

The modulus of the above expression (which will permit us to plot
a resonance curve) is

1+3
I, 202\* 1 2Q 6, — 6,7
2 Tovm () 2+ ]
Iy w 6162 Wy 61
(17)
/‘/ |:2$2 (61 + 62 + 661'):'2 ’
+ - S ) 0
w 61,62
The phase shift against the resonance frequency is
2Q §1 + 62 + 86/
. w 6162 (18)
= arc :
# gl s <29>2 L 20— %
w 6162 Wo 61
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The expression for amplitudes (17) and phases (18) are asymmetri-
cal, which means that side bands in case of modulation by frequency €2
will not be equally changed as regards amplitude and phase; this will
result in additional distortion, due to phase modulation. In ordinary

y

’ g} 0095 :: l%’l

| = 0.0H5
K=0032 ob
={875mt 0g

KC-40 -8 -6 -4 4 2468401;:_:
L 4

Fig. 7
practice the asymmetry of the amplitude and phase curves is very
slight (see Fig. 7), and the average of the values wo+ 2 and wo— {2 may

"be used with sufficient accuracy; this allows for a considerable simpli-
fication of formulas (17) and (18).

Let:
I
ekl us - - - demodulation factor,

120

! and for convenience let
20 2F
m=-——=——
/

wherein, F is the audio frequency.
The demodulation factor then becomes

1

He= - (19)
1/1 + [ mQ——T—————mz [2_(51+52+661’)2:l
5./8,(14B8)  8.8:(1+8) 8105 (14B)
For the case =0 (¥Fig. 6B) we have
= - SNED

M2 = 7,n2 2 m2 (61+62)2
R o Ay G X
61 62 61 62 1 02
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Now the modulated current curve is

. ) IycM
12 = 9o 8in wol + ug

{cos [(wo — D)t + o] — cos [(wo + )t — o]}

= Iy sin wet|[1 + ueM sin (2 — o)

in which A is the modulation factor for transmission without distor-
tion. Inasmuch as phase displacements ¢ are not audible, the amplitude
distortion u; determined by (19) or (20) is the only factor to be con-
sidered. Equation (19) shows that demodulation depends neither on the
kind of coupling between circuits, nor on the character of coupling
between the plate and the primary circuit. In fact capacitive coupling
between the circuits will merely reverse the sign of the term 2Q/wy
(6:"—01)/8"; the + will take place of the —. This term is relatively
small and affects the asymmetry to but a slight degree. For that reason,
formulas (17) and (18) can, without appreciable error, be applied to all
practical methods of coupling.

In ordinary telephone operation of a transmitter, the factor 3
=aZy/R; does not exceed 0.25, and possible variations of B during
plate or grid modulation cannot result in a great distortion of the
transmission curve. The factor 8 can be neglected in rough calculations.

In the case of the output stage of a transmitter, the natural decre-
ment 6; of the primary circuit can be neglected, because of the very
high value of efficiency of that circuit. It is convenient here to express
the coupling factor in terms of decrement &,

K = Ab, (21)
wherein 4 is a definite coefficient. Therefore,

61/ = 61 + A252 £A262
and (19) becomes

1
He = - (19%)

1/1 +<ﬁ>2_ . _1_ ) [(ﬂ)z_ 242 4+ A432 1
6/ A1 4 )2 02 T A +V:I

If p, is plotted as a function of m/8,, the characteristics will be en-
tirely dependent on the given A and 3, and the transmission curves at
various waves or decrements 0, will differ but by the scale of the ab-
scissas. (Figs.8and 9.)

Now, let us consider the shape of transmission curve (19). For the
case:
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_ (61 + 62 + ,851/)2 <
61'6:(1 + B)

the transmission curve will be single humped.
For the case:

(01 + 62 + B4,")*
= >0
61'82(1 + B)

the transmission curve will be double humped.
The boundary condition:

it a8
01'02(1 + B)

corresponds to the so-called “critical coupling”.
For either method of application of e.m.f., the following expression
for the critical coupling can be adopted:

Ky = /(8:2 + 8:22)/2. (22)

In case of double-humped curves for us (19) and u” (20), the value
of pamax becomes interesting. Differentiating (19) we find that the
maximum occurs when:

(01 + 8: + B6,/)?

m? = 6,/6:,(1 + B) — 5 (23)
whence,
81"6:(1 + ) 1
M2max = (5 ;—25 +‘35 /) (5 + 5 +B§ ,)2 ’ (24)
B 1/61’62(1+B)— —
4
Substituting (21) we find:
(1+p)A?
Memax = (24/)
- A?B)
1+ A?%8)
For the case of reception (20) the maximum occurs when
m = vVEKZ — (6. T 6292 (25)
and, 5 s o
/J~/2mux = = + . (26)

(81 + &)V K2 — (81 — 8:)%/4
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It is seen from comparison of (23) with (23) and (24) with (26) that
when a tube is used the maximum oceurs at somewhat lower frequency,
and that the value of the maximum is lower. Figs. 9 and 10 show that
the effect of a tube is to flatten the transmission curve.

Equation (19) makes it possible to predetermine the degree of cou-
pling necessary for undistorted transmission of frequency /" as well as
n’'=2Q'/w, with a given decrement of the secondary circuit, éa. Thus
from (197)

1+ = [1F (m’é?)se

{8 = R 27)
3?
Forg=0
B AL 58 A G
Ar= L TUT (27')
28,°

The above leads to the conclusion that a tank circuit can bring
about a transmission of frequencies that cannot be obtained with a
single circuit owing to its drooping resonance curve, and that effective
transmission of frequencies ean be accomplished at relatively slight
decrement of the secondary circuit. This is true for the case of reception

-.if the asymmetry of the transmission curve is not taken into account.
In case of transmission it is true only as long as the plate reaction does
not exceed a certain limit. When the plate reaction is great enough to
produce dips in the plate current characteristic (or to make it saddle-
shaped) the transmission of frequencies quickly becomes poor. From
(12') the magnitude of plate reaction for the {wo-circuit system can be
determined as

20
1+ j—
1 e
Vo 20\? | 2Q (8, + & + B&Y)
P
w 8,/ 8:(1 + 3) w 61'6:(1 + B)

Let v =modulus of the above equation;i.e.,

| I/ 12|
1

(28)

‘Y"_’

Vo
TolT

20\?
1+ (=)
wbs
In other words, the voltage curve is the ratio of ordinates of reso-
nance curve |[2/I20| to those of the resonance curve of an isolated
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secondary circuit (I'ig. 10). Barring the asymmetry, we have:
v? = wet 1[4 (m/8,)7 (29)

2 = C29)
] =t <7_n>Z;|:<_T>2_ 242 4+ A32 + 1:|
62/ A*(1 + B)2L\ 6,

It is evident that the same law governs the primary circuit current
characteristic |11/110 [ =f(w); its divergence from the voltage charac-
teristic (8) being only in the straight-line factor w/wo; this factor is

12 _Ig
08 =
06 1
YA \ ]1%)9'
W
0%
=0 +43
Fig. 10

neglected by assuming the characteristics to be symmetrical. There is
no necessity to take the resonance curve of the secondary circuit (an-
tenna) for the determination of decrement 8,; the curve can be deter-
mined as the ratio of ordinates of curve ’12/120] to ordinates of curve
III/Im[ and plotted. Since the resonance curve of one circuit, &, is
always drooping with maximum at w=uw,, the voltage curve (28), or
primary current curve, as a rule, should have a more pronounced
double-humped character than current curve (19). With suitable
coupling factors, current, I,/I5, curves having no’humps are obtain-
able, while the voltage, V/Vy, curve will be sharply double humped.

By making ¥ =1 in (29), the frequency range of V"> 1, can be ob-
tained. Thus

2Q,
my = — 28 \VA(1 + 28) + 242 — 1. (30)

Wo

Since the primary and secondary circuits have different transmis-
sion curves, it is necessary, when measuring frequencies of the trans-
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mitter, to keep the instrument that measures percentage modulation
coupled only to the secondary circuit (antenna) and not to the primary.

Let,
Vo

E,

= 0.9

wherein E, =supply voltage.

Taking the resonance curve of a generator operating at such Vg on
two circuits we should have for some part of the frequency range
1"> v and possibly V/E,>1. Actually, duc to valleys or dips in plate-
current curve the voltage across the circuit will be lower than that given
by (29). The values of current, I»/Is, will be proportionally lower.
Hence, the exact calculated values ean be expeeted only when there is
no overvoltage on the plate;i.e., when V=V <FE,.

v ]

egt-l)o6

gg..”o6 6/—

(9..5006 \:/— @"5&6

QAN ~ Qe ——N*AN XA~ — . —=2-aX

Fig. 11

Fig. 11 shows a set of resonance curves taken at different values of
V. At high values of 17y the curves are distorted. During modulation,
due to overvoltages the frequency curves also will be distorted. The
distortion increases with increase of percentage modulation. For exam-
ple, let the transmitter be set for 100 per cent modulation, then it will
have Vo, =V,/2=(0.4—0.45)E, without modulation. During modu-

lation:
V = Vo(l + My).

When the modulation factor M is low and V ax can be lower than
Viim < E,, the transmission curve will not be distorted. When V x>
Viim the curves will be distorted and the distortion will increase with
increase of M. This is proved by actual transmission curves, taken at
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various modulation factors. (IYig. 12.) Hence, we come to the conclu-
sion that an efficiently utilized generator (asregards power and modu-
lation factor) has very limited abilities as regards improved trans-
mission of frequencies by means of a tank circuit.

Since the calculation of overexcited generator operation is pretty
complicated, while undistorted modulation is possible in underexcited
conditions only, the complicated calculation of distorted transmission

W\

kC

2 4 6 8 10
Fig. 12
curve is not warranted in practice. For evaluating voltages possible

one can determine 7...x under given conditions. Analyzing (29’) we
obtain 7 max at

m = 8VAVAYL + 28) + 2 — 1 (31)

and,

AH(1+B)*\vA2(1+26)+2 '
243(1+28)+44 — (2A°+1— A8\ /A2(1+26) +2

(32)

2 —_
Y ‘max =

Fig. 13 shows the values of vy..x plotted against A for various
values of 8. The graph shows the decrease of overvoltages with increase
of 5. :
From (29) the mode of change of voltage phase can be determined.
There is no phase displacement at m =0 and

2Q - _
m=—= + VVK? — 82 = + 8§\ A2 — 1. (33)
Wo

At three frequencies other than resonance frequency, therefore,
there will be no phase displacement, and Z becomes pure resistance.

When k < 8, phase displacement will be zero at resonance frequency,
wp only.
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The ratio of power delivered to the secondary cireuit at frequency
w 1o power delivered at resonance is wy
P»
= ot

I":n

N

,, £/

, ////m
y

o

-

0
W

Fig. 13

The ratio of power, lost in the primary circuit at frequency w to the

power lost at resonance,
r,

P

0

=7-

The supplied generator output is dependent on the frequency in the

following way:
P w2Peo + ¥ P00

Po P20 + Po
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Let n=P,/P, efficiency of the tank circuit, then

S pa®nm0 + ¥*(1 = n0) = o’
Py
i.e., with double-humped characteristic the generator output over
a certain part of the frequency range is greater than the output at
resonance frequency.
The variation of the tank circuit efficiency is:

1o v?
— =" +—“2(1 — 70).
n Me

Hence, the greatest efficiency of tank circuit occurs at carrier fre-
quency.

All the foregoing conclusions are based on the assumption that each
circuit is tuned to the carrier frequency. It may happen in practice
that the secondary circuit is not tuned to carrier frequency, but the
resistance it introduces in the primary is compensated for by suitable
tuning of the primary, so that the whole system acts as active load on
the generator at carrier frequency, Zo. (It may also happen that the
circuits are tuned to one of the frequencies, wo+ 2, according to (33),
when Z is a pure resistance load. In the latter case the resonance curve
will be asymmetrical, and either negative or positive side bands will
pass easier than others. Such a tuning is not likely to take place, how-
ever, for it is too complicated.) Inaccuracy of tuning the secondary
circuit compensated by proper tuning of primary is very probable in
practice, since the tuning of the whole system for resistive load is easily
determined by plate and grid meter readings; at the same time the
current in the secondary, when this is inaccurately tuned, can be even
heavier than when the secondary is exactly tuned.

The disadvantages of an inaccurate tuning will be shown later on.
For that reason, we confine ourselves to consideration of a simpler case,
when the e.m.f. is directly applied to the primary (Fig. 6B). Since the
circuits are not tuned to the carrier frequency, the impedances Zy,
and Zyo should be substituted for the resistances R,’ and R, in (117)
which determine the resonance curve Iy/I,. Hence,

T2 wo Z\'Z,

I, @ Ziw'Zs

Suppose that the circuits were previously tuned to carrier fre-
quency; i.e.,

e S e i
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1 1

L,Cy  1aCo

and thereupon the inductance of the secondary was changed by Ay Ls.
The secondary impedance at carrier frequency is

Zzo = Ity + jqusz
and the reactance
0)02]‘[2

- _] - Wy A2112
IfQZ + (0.’0 A2 112)2

is inserted in the primary. This reactance is compensated for by the
change in inductance A;Lj, so that,

0)()211’[2 Wo A2 LQ
Wo AlLl &= )
(0.)() A2L2)2 152
Rz|:1 i a—
Iy
Denote as before,
5 . R 5 R K M .
=_ ; = 2 = ; etc.,
' woliy ’ wols L1 Le
hence,

Wy AlLl Al Ag K2

R & & Ag?

5021 1 + ———)
g2
K2
AL = As- -
6% + Ag?

Zno'Zao = iR [6" Ak '(A’ + AZ)]
rJ rJ e _ ] - - .

10" 420 1te 5 5.0 5. 5

Denote the natural frequencies of circuits:
1 (1 A1>
w = — =1 ——)wo
L+ A 2

Ay
Wy = (1 -_— —'—>O)o.
2
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Then,

w=w0—|—52=w,+a1=wg—l—a2

g _ﬁ_—l'wo + Q
2
2
(6} _—‘_/‘:_wo-{— Q
2
. ‘20(1
Z1 él{ll:l +J_5—\/1 + A1:|
wo,

2c
Zy = 132[1 + N TF AQJ

(.061
Z1,Z2 = Z1Z2 —,L w2]l12 = I€1R2[S +]TJ

and,

2 w
= [ 34
<wo> S? + T2 ( )

in which,
o[ ) sy

Wy 5l 5152 \w 2
<A1A2 n Q él + A2+ Qz>:|

2 Wo 2 w?

Lo (347)

2(.00

A, A Q<\/1 + A A1+ A
Y B + >}
J

= —} — —I— —_— o
w [251 252 Wy 51 52

(Certain factors in these equations can be neglected depending upon
the conditions given.)

Fig. 14 shows resonance curves for various degrees of detuning, A,.
Similar results are obtained from experiments; the resonance curves
are asymmetrical with respect to frequency wo and therefore the modu-
lation will be distorted due to phase modulation. It should be men-
tioned that by slightly detuning it is possible to eliminate the small
asymmetry that exists when circuits are exactly tuned. Meters, how-
ever, do not give any preliminary indication as to the amount of this
detuning—the symmetry of the curve can be ascertained only after
having taken the curve itself.

When controlling a modern powerful transmitter having several
stages of amplification of modulated waves, particular attention should
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be paid to the accuracy of tuning the various circuits. Otherwise the
resulting transmission curve may be quite unsatisfaetory, in spite of
the correct design of eircuits of individual stages.

Inaccurate tuning cannot be recommended also beecause there is
no definite eriterion for it under practical conditions, particularly in
such cases where the secondary is represented by an antenna,t he param-
oters of which are subjeet to certain variations (due to sleet, ete.).

A-4500mt
&'=0.008
8,006k
By T 0 1 € 3 & 30

Fig. 11

The proper tuning, therefore, is when the secondary is exactly tuned
to carrier frequency and the primary which is coupled to the secondary
is tuned for resistive load (careful neutralization is absolutely neces-
sary).

Under operating conditions the accuracy of tuning can be fairly
exactly checked by readings of the plate and grid direct-current meters,
since when tuned to resonance the secondary circuit introduces the
maximum resistance wo?M?/ K. into the primary. At this point the im-
pedance Zo of generator load becomes minimum and, therefore, the
minimum of plate current becomes the highest.

I1I. THREE-CIRCUIT SYSTEM

The three-circuit system is shown in Fig. 15. Similarly to (10), (12),
and (13) we write

Rt/ok _ M, Mg
,UE CI Ll
: | | ’ I Ly Ry
1 | { %‘v“"h Re
Ry Ce
Fig. 15
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Here,

I wo 1 < 217y Zy Z2/Z3>

I, w 148 R1'R2/R:s_ + Ry R,
Vo I3o/ 13
7 N wo Zo'Zs
@ R'Ry
Ino  Iso/Is
—1—2 N wo Z3 '
© R

Z1/Z2/Z3 = Z1Z2Z3 + Z1w2¢1[22 + Z3w2]1112
R1/R2/R3 = R1R2R3 + R1w02ﬂ[22 + R3w021W12.

(10")

(12")

(137%)

Making computations similar to those for the two-circuit system,

we obtain

in which,

-

2Q

U= _[1
0)51
Since,

then,

Hence:
Z1/Z2/Z3
RiV/RyRs

Z11Z2/Z3 = R1R2R3(T +]U)

29>2 01+ 6 + &3 <w >2 K %; + K,%
w 515253 Wy 515253
<2Q>2 1 + <w>2 K12 + K22 51(52 + 53)
w 5253 Wy 5253 5253
K1%25; + K26
RV/RYR; = RlRQRg[l Lot U IJ :
010203
K2 K2
51/=51+ /,52/=52+——
2 3
K.%5 K% 6182
|+ 1703 + A% 1= 1 02 ' .

010203 8102

) < 29)2 01 + 62 + 03 20 K% + K,%

@ 5.8,/ | g 818’5
.29[5152 + 8103 + 06903 < 29)2 1
Jw51’ 52/53 w 62’53

]




—

Model: Transmission Curves of IHigh-Frequency Networks 137

w\? K* 4+ K2
+ (=) —— (35)
(O3 52 53
7o' Zs 2\ 1 2Q 8" — b 2Q 8y + 65
=1 -—{— — . (36)
RQ’R:; w 5-3,53 Wy 52, w 2,53

Substituting (35) and (36) in (107), (12", and (13"") the exact
solutions can be obtained.
Since the efficiencies of actual transmitter circuits are very high,

and consequently,
8 K &5 b Kb

The above expressions can, without considerable error, be simpli-
fied by neglecting the decrements of the primary and secondary cir-
cuits (8; and &,); i.e.,

= 51, - 51 = 51/, = 53, — 53 552’
Y ds
Under these assumptions
_Kfﬁg + K,%5, - 1 Ki* + Ko? g El_’ ‘
818283 8203 03

Further, neglecting 20/wo<K1

Z1/Z2/Zs 1 ( 29..)2 51 + 52 + 53
RV/RS Ry w 5,855
20 5,/ o0\t 1 »
) ] e
]wél’\i 5 w /) 86
'7 20\ 1 20N 6y + &
22/321_<3_> +J<__>,2_+__3 (36")
R2,R3 w 52,53 w 52 53

Substituting (35’) and (36") in (10"'):

B 3, (29 L [REhiE ]
I; w14+ B] w 8o’ 03 o1

2Q 6,/ 2\ 1 8./ (8, + 03) \ .
+Jj 14+ — — <——> + ﬁ—’—,"—"jl : (37)
Jwﬁl’\i + 53 w 52,53 52 53 {

From this, the modulus of the ratio |I5/ 30 |, the phase shift angle,
etc., can be determined. Barring the asymmetry which, as in a two-
circuit case, is very slightly dependent on the method of coupling, we
obtain the equation for the demodulation factor:
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1+8 |
Mz = ‘

B m2/51+52+53 >}2
4/[1‘*‘3 52,53\ 5 + 8

/ 51/ m2 51/(52 + 53)j|2
14— — 38
A/ + [ + Y + B o (38)

m?
6,’?

in which, as before,

In case of reception =0. Barring the asymmetry we get:

1

1/[1 Lt et 53)]2
51/52/53 a

m2
ﬁ (5{/5;7235;[5152 + 8,85 + 885 — m* + Ki* + K»?] (39)

ps' =

For the preliminary judgment of the shape of transmitter frequency
curve 0; and d; (38) can be neglected as compared to 8, and 3 can be
assume equal to zero. Using similar notations to those previously em-
ployed, we have

K2 = ‘453; Kl = 352'.
Therefore,
52/ = A253; 51/ = ‘423253.
If in addition we introduce the quantity (z) defined by

-

we will have,

Mzt = — = il (40)

Y x?® g 2 A2p
[1 - A4BZ:| * A4B4|:1 Tl

Now let,
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3
a = ;
AB*

4

c= ?(1 + 2A2B? — 2B? 4 A*BY)

b = 1(24% + 24B? — 1);

a 3
y = ?(Iﬁ — 3bx* + 3cx?® + —> .

a

v

By analyzing the latter function we obtain five points of maxi-
mum values:

Vb =\ —¢

ris = + Vb + VD — e

~
)
w0
I
+

. A3 6%-C+0; A= 0.5097; B%=09
05
)
05 '
Fig. 16

In the case when all the solutions are real, the curve has three
humps, in the case when two solutions, x4, arc real the curve is
double humped.

It is easy to see, that when »2—¢=0 the curve has one extremity
only at =0 and an inflection point at z= ++/b; i.c., the curve is
single humped. Then,

AVh — 1 — A2,
Al '

B =

Such a curve is shown in Iig. 16.
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When =0 then,
1 — 242

2414

) —

and the curve is either single or double humped, depending upon the
sign before c. When ¢ >0 the curve is single humped and when ¢ <0

Cas005
o] AL0ss
Bre195

A%0.56
80085

Fig. 18

the curve is double humped. When =0 and ¢=0 a threshold between
single and double humped shapes results. Only one value of A and
one of B corresponds to that condition (Fig. 17a and 17b):

A2 = 3/8; B =8/9.

When b >0 the shape of the curve depends upon the sign before c.
If ¢>0, the curve is either single or triple humped (Fig. 18a). If
¢<0 the curve is double humped (Fig. 18b). If ¢=0, then
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1 — A? £ /1 — 247
= T

BZ

and the curve is still double humped with an easy slope at lower modu-
lating frequencies (IFig. 18¢).

By means of the graphs shown in Figs. 19 and 20 the shape of a
triple-humped curve can be determined; these graphs give the position
and magnitude of gsmax and psmin as dependent on 4 and B.

The previously stated suggestions in the case of the two-circuit sys-
tem as to the necessity of accurate tuning which ensures the symmetry

B _
A Y 745 N A
6 | / J'Jr | | L
5 o y W '. ! | //li
4
c v i ,//
A e
) v
A P | -
1 _,l,_,-l—'h rift)_—
REEE IREN

Fig. 19

of the curve and the effect of overvoltages are true for a three-circuit
system as well. For proper shape of curves stray coupling bhetween the
first and the third circuits should be eliminated.

For overvoltages the following expression serves:

m? \* m? ‘— (8 + 063)2
SOV oo i U] PR PR
wA T Ge) T el 2'0s S

The three-circuit system has certain advantages over the two-
circuit system as regards overvoltage. In fact, v equals the ratio of u;
to the ordinates of the transmission curve of the system comprising the

e
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second and the third circuits. The latter curve is double humped when
the coupling &y = A38; is close enough, and consequently lies below the
curve ue (Ifig. 21.)

9 1/ // 4
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) ,/ )
4l / L/ J
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Fig. 20
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Fig. 21

If the degree of coupling is properly chosen overvoltages can be
avoided and a satisfactory transmission curve can be obtained; nor-

mally a high value of 4 and low value of B are required for this condi-
tion.
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The current curve of the second eircuit (Fig. 21) is

Iy
120

“;/130 \ m"
| Ry/Z| T V 1+ (42)

When taking the transmission curve care should be taken that the
instrument measuring the percentage modulation is coupled with the

last circuit only.
The statements made above are confirmed by experimental study

of actual networks.
The author wishés to express appreciation of the help received from

his assistants in the laboratory.
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