
VOLUME 23 NOVEMBER, 1935 NUMBER 11

PROCEEDINGS
of

Tilt 3h-toil:tuft of Rabin
Ettgittrgro

Application Blank for Associate Membership on Page IX



Institute of Radio Engineers
Forthcoming Meetings

ROCHESTER FALL MEETING
November 18, 19, 20, 1935

CINCINNATI SECTION
November 12, 1935

DETROIT SECTION
November 15, 1935

LOS ANGELES SECTION
November 19, 1935

NEW YORK MEETING
November 6, 1935
December 4, 1935

PHILADELPHIA SECTION
November 7, 1935
December 5, 1935

WASHINGTON SECTION
November 11, 1935



PROCEEDINGS OF

Tbe 31n5titute of Ilabio engineers
Volume 23 November, 1935 Number 11

Board of Editors
ALFRED N. GOLDSMITH, Chairman

R. R. BATCHER K. S. VAN DYKE

H. H. BEVERAGE H. P. WESTMAN, ex officio

F. W. GRovER L. P. WHEELER

J. W. HORTON L. E. WHITTEMORE

G. W. PICKARD WILLIAM WILSON

CONTENTS

Institute News and Radio Notes
PA RT

1269
Rochester Fall Meeting.. 1269
Committee Work 1270
Institute Meetings 1271
Personal Mention 1274

PART II

Technical Papers
An Unattended Ultra -Short -Wave Radiotelephone System

N. F. SCHLAACK AND F. A. POLKINOHORN 1275
Radio -Frequency Distributing Systems F X. RETTENMEYER 1286
Development of Cathode -Ray Tubes for Oscillographic Purposes

R T. ORTH, P. A. RICHARDS, AND L. B. HEADRICK 1308
Luminescent Materials for Cathode -Ray Tubes

T. B. PERKINS AND H. W. KAUFMANN 1324
Cathode -Ray Tube Terminology T B. PERKINS 1334
Radiometeorography as Applied to Unmanned Balloons

WILLIAM H. WENSTROM 1345
Eclipse Effects in the Ionosphere...J. P. SCHAFER AND W. M. GOODALL 1356
On the Correlation of Radio Transmission with Solar Phenomena

A M. SKELLETT 1361
High Power Outphasing Modulation H. CHIREIX 1370
The Steady -State Response of a Network to a Periodic Driving Force of

Arbitrary Shape, and Applications to Television Circuits
C. W. CARNAHAN 1393

Discussion on "Echoes of Radio Waves," by N. Janco G BUILDER 1405
Book Reviews: "Information for the Amateur Designer of Transformers

for 25 to 60 Cycle Circuitsi" by H. B. Brooks . . . . RALPH R. BATCHER 1407
"The National Physical Laboratory Report for the'Year 1934" ....

E L. HALL 1407
Booklets, Catalogs, and Pamphlets Received 1408
Contributors to This Issue 1409

Copyright, 1935, by the Institute of Radio Engineers



The 31n5titute of iSabto (Engineerg

GENERAL INFORMATION
INSTITUTE. The Institute of Radio Engineers was formed in 1912 through the

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

AIMS AND OBJECTS. The Institute functions solely to advance the theory and
practice of radio and allied branches of engineering and of the related arts
and sciences, their application to human needs, and the maintenance of a
high professional standing among its members. Among the methods of ac-complishing this is the publication of papers, discussions, and communi-
cations of interest to the membership.

PROCEEDINGS. The PROCEEDINGS is the official publication of the Institute andin it are published all of the papers, discussions, and communications re-ceived from the membership which are accepted for publication by theBoard of Editors. Copies are sent without additional charge to all members
of the Institute. The subscription price to nonmembers is $10.00 per year,with an additional charge for postage where such is necessary.

RESPONSIBILITY. It is understood that the statements and opinions given in the
PROCEEDINGS are views of the individual members to whom they are credited,and are not binding on the membership of the Institute as a whole. Paperssubmitted to the Institute for publication shall be regarded as no longerconfidential.

REPRINTING PROCEEDINGS MATERIAL. The right to reprint portions Or abstractsof the papers, discussions, or editorial notes in the PROCEEDINGS is granted
on the express condition that specific reference shall be made to the sourceof such material. Diagrams and photographs published in the PROCEEDINGS
may not be reproduced without making specific arrangements with thernstitutethrough the Secretary.

MANUSCRIPTS. All manuscripts should be addressed to the Institute of RadioEngineers, 330 West 42nd Street, New York City. They will be examined bythe Papers Committee and the Board of Editors to determine their suita-bility for publication in the PROCEEDINGS. Authors are advised as promptlyas possible of the action taken, usually within two or three months. Manu-scripts and illustrations will be destroyed immediately after publication ofthe paper unless the author requests their return. Information on the me-chanical form in which manuscripts should be prepared may be obtained byaddressing the secretary.
MAILING. Entered as second-class matter at the post office at Menasha, Wiscon-sin. Acceptance for mailing at special rate of postage is provided for in theact of February 28, 1925, embodied in Paragraph 4, Section 412, P. L. andR., and authorization was granted on October 26, 1927.

Published monthly by
THE INSTITUTE OF RADIO ENGINEERS, INC.

Publication office, 450-454 Ahnaip St., Menasha, Wis.
BUSINESS, EDITORIAL, AND ADVERTISING OFFICES

Harold P. Westman, Secretary
330 West 42nd Street, New York, N. Y.

II



INSTITUTE SECTIONS

ATLANTA-Chairman, I. H. Gerks; Secretary, Philip C. Bangs, 218 Red Rock
Building, Atlanta, Ga.

BOSTON-Chairman, E. L. Bowles; Secretary, Roland G. Porter, Northeastern
University, Boston, Mass.

BUFFALO-NIAGARA-Chairman, L. E. Hayslett; Secretary, E. C. Waud, 235

Huntington Ave., Buffalo, N. Y.

CHICAGO-Chairman, Alfred Crossley; Secretary, J. Kelly Johnson, Wells -

Gardner Company, 2701 N. Kildare Ave., Chicago, Ill.

CINCINNATI-Chairman, Armand Knoblaugh; Secretary, George F. Platts,
Crosley Radio Corporation, Cincinnati, Ohio.

CLEVELAND-Chairman, Carl J. Banfer; Secretary, J. S. Hill, 3325 Beechwood
Ave., Cleveland Hefghts, Ohio.

CONNECTICUT VALLEY-Chairman, J. A. Hutcheson; Secretary, C. B. De Soto,
American Radio Relay League, 38 La Salle Rd., West Hartford, Conn.

DETROIT-Chairman, A. B. Buchanan; Secretary, E. C. Denstaedt, Detroit
Police Department, Detroit, Mich.

Los ANGELES-Chairman, John F. Blackburn; Secretary, E. Pat Schultz, 1016

N. Sycamore St., Hollywood, Calif.

NEW ORLEANS-Chairman, J. A. Courtenay; Secretary, C. B. Reynolds, Radio -
marine Corporation of America, 512 St. Peter St., New Orleans, La.

PHILADELPHIA-Chairman, Knox Mcllwain; Secretary, R. L. Snyder, 103
Franklin Rd., Glassboro, N. J.

PITTSBURGH-Chairman, R. D. Wykoff.; Secretary, Branko Lazich, Union
Switch and Signal Company, Swissvale; Pa .

RocHEsTER-Chairman, E. C. Karker; Secretary, H. A. Brown, 89 East Ave.,
Rochester, N. Y.

SAN FRANCISCO-Chairman, Robert Kirkland; Secretary, Henry Tanck, RCA
Communications, Inc., Bolinas, Calif.

SEATTLE-Chairman, R. C. Fisher; Secretary, C. E. Williams, 2340 Delmar Dr.,
Seattle, Wash.

TORONTO-Chairman, L. M. Price; Secretary, R. Klingelhoeffer, International
Resistance Company, 187 Duchess St., Toronto, Ont., Canada.

WASHINGTON-Chairman, E. K. Jett; Secretary, W. B. Burgess, 2900 -26th St.
N. E., Washington, D. C.

III



Proceedings of the Institute of Radio Engineers
Volume 23, Number 11 November, 1936

GEOGRAPHICAL LOCATION OF MEMBERS ELECTED
OCTOBER 4, 1935

California

Oonnecticut

District of
Columbia

Iowa
Louisiana

Oklahoma
Pennsylvania
Australia
British Honduras
Canada
England

France
India
Italy
South Africa
Spain

New York
Pennsylvania

California
Washington
Argentina

Elected to the Associate Grade
Oakland, 3135 Courtland Ave. Pattison, A.
San Francisco, 7311 Clay St. Cona, L. S.
Milford, 2 Edgewood Ave Spaulding, F. E., Jr.
Woodmont Cameron, J. R.

Washington, 1722 -19th St. N.W Allman, F. L.
Washington, Dept. of Terrestrial Magnetism Bramhall, E. H.
Terril Schooley, A. H.
New Orleans, c/o Standard Fruit and Steamship Co., P.O.

Box 830 Amiss, S. W.
Fort Sill, 18th Field Artillery Wrockloff, G. E., Jr.
Philadelphia, 5642 N. Sydenham St Miller, C. E.
Mosman, N. W. S., "The Manor," Iluka Rd Hynes, F. M. B.
Belize, Box 215 Smith, E. L.
Winnipeg, Manit., 3 Wardlow Apartments Millar, J. P.
Chelmsford, Essex, Marconi College, Arbour Lane Chatterjea, P. K.
London N.W. 8, 24 St. Mark's Ct., St. John's Wood Wodeman, B. J. C.
Totteridge, Herts., 67 Oak Tree Dr. Bond, D. H. T.
Paris, c/o Radiophon, 46 Rue Lafayette Fabricant, P.
Baroda, Dandya Bajar Joshi, K. D.
Torino, Scuola di Ingegneria, Castello del Valentino Tan, C.
Johannesburg, 1 Orwell St., Kensington Troost, N.
Malaga, Reding 39 Somoza, D.

Elected to the Junior Grade
New York City, 1825 Southern Blvd Boymel, B.
Kingston, 621 Rutter Ave. Love, R. G.

Elected to the Student Grade
Oakland, 358 Vernon St. Selby, P.
Pullman, 507 Colorado St. Mallach, L. W.
Buenos Aires, Cangallo 2228-Dto. G. Calvelo, J. P.

IV



Proceedings of, the Institute of Radio Engineers
Volume 23, Number 11 November, 1936

APPLICATIONS FOR MEMBERSHIP

Applications for transfer or election to the various grades of membership
have been received from the persons listed below, and have been approved by
the Admissions Committee. Members objecting to transfer or election of any of
these applicants should communicate with the Secretary on or before November
30, 1935. These applications will be considered by the Board of Directors at its
meeting on December 4, 1935.

For Election to the Associate Grade

California Fresno, 524 Peralta Way Simpson, H. J.
Connecticut Thomaston, Clearview Garden Smith, G. L.
Illinois Chicago, 2645 W. Iowa St. Miron, V.

Chicago, 2106 Calumet Ave. Six, W. E.
Chicago, 2904 N. Washtenaw Ave. Slugodzki, L. K.
Wheaton, 525 W. Wesley St Squires, E. G.

Indiana Indianapolis, 5779 N. Delaware St DeVoe, L. M.
Massachusetts Hyannis, Cape Radio Service, Main St. Hatch, E.
Missouri Kansas City, Graybar Elec. Co., 1644 Baltimore Ave. McCurdy, R. G.
New Jersey Bayonne, 797 Avenue .0 Moore, J.

Harrison, RCA Radiotron Division, RCA Mfg. Co DeVore, H. B.
Harrison, RCA Radiotron Division, RCA Mfg. Co Hampshire, R. A.
Oceanport, Box 33 Inalerman, H. E.

New York Brooklyn, 575 A -6th St Ackerlind, E.
Brooklyn, 927 -46th St. Kalish, A.
Flushing, 32 -36 -150th Pl. Caumont, A. F.
Forest Hills, 256 Greenway South Finnigan, C. W.
Jackson Heights, 70 -12 -34th Ave Rankin, J. A.
Mount Vernon, 259 Bedford Ave. Kahn, E. C.
New York, c/o M. Iovenke, 865 West End Ave Mamarchev, D.
New York, 4 Irving Pl. Thomas, E. R.

Wisconsin Milwaukee, 2106 W. Kilbourn Ave Fritschel, H. G.
Canada Verdun, P. Q., 792 Manning Ave. Aston, J. P.
China Canton, c/o Reuters, Ltd. Fawcett, G. M.
Egypt Mansoura, The Engineer, Mansoura Trades School Metwally, H. H.
England Castle Cary, Somerset, Beeehfield Lodge Scott, P. R.

Chislehurst Kent, Kevington House, Chislehurst Rd Sheppard, J. A.
Charlton -c- ardy, Man., 6 Egerton Rd Hemmerdinger, C.
London E.C.1, P.O. Radio Section, Armour House, St. Mar-

tins -le -Grand Cook, A.
London S. W. 5, Court Mansions Hotel, Penywern Ad., Earl's

Ct. Johnston, J. J.
London W.C. 2, c/o I.S.E.C., Connaught House, 63 Aldwych Kaye, J. B.
Tolworth, Surrey, 19 Southwood Dr. Osborne, A. R.
Wychbold, Worcs., "Westbourne" Wright, A.

India Bombay, c/o Allahabad Bank Ltd., Apollo St., Fort ..... .. Ramesh Rao, N.
Scotland Glasgow, 72 Cartvale Rd., Langside Stephen, J.
Switzerland Zurich 2, Nidelbadstrasse 25 Werli, A. J.

For Election to the Student Grade

California Berkeley, Bowles Hall Morrin, T. H.
Massachusetts Cambridge, 127 Mt. Auburn St. Ting, C. Y.
New Jersey Audubon, 711 Prospect Ave Sanders, R. C., Jr.
Pennsylvania Bethlehem, 229 Warren Sq. Rust, W. F., Jr.

V



OFFICERS AND BOARD OF DIRECTORS
(Terms expire January 1, 1936, except as otherwise noted)

President

STUART BALLANTINE

Vice President

GEORO HEINRICH BARKHAUSEN

Treasurer Secretary Editor
MELVILLE EASTHAM HAROLD P. WESTMAN ALFRED N. GOLDSMITH

0. H. CALDWELL
V. M. GRAHAM
R. A. HEISING
J. V. L. HOGAN

Directors

L. M. HULL, Junior Past President
F. A. KOLSTER
GEORGE LEWIS
H. M. TURNER

A. F. VAN DYCK

SERVING UNTIL JANUARY 1, 1937

ARTHUR BATCHELLER C. M. JANSKY, JR., Senior Past President
WILLIAM WILSON

E L. NELSON
SERVING UNTIL JANUARY 1, 1938

L. E. WHITTEMORE

VI

HARADEN PRATT



INSTITUTE NEWS AND RADIO NOTES

Rochester Fall Meeting
The Rochester Fall Meeting for this year will be held at the Saga -

more Hotel on November 18, 19, and 20. Interesting technical pro-

grams have been arranged and an exhibition of radio -equipment of
interest to engineers is scheduled. The program follows:

MONDAY, NOVEMBER 18

9:00 A.M. Registration
Opening of Exhibits

.10:00 A.M. Technical Session
"Superheterodyne Oscillator Design Consideration," by W. A.

Harris, RCA Manufacturing Company, Radiotron Division.
"Electrical Quality of Radio Components," by C. J. Franks, Boon-

ton Radio Corporation.
12:30 P.M. Group Luncheon
2:00 P.M. Technical Session

"New Problems in Metal Tubes," by Roger M. Wise, Hygrade Syl-
vania Corporation.

"Latest Developments in Electron Optics" (with demonstration),
by W. H. Kohl, Rogers Radio Tubes Company, Ltd.

4:00 P.M. Inspection of Exhibits
Meeting of RMA Committee on Television
Meeting of RMA Committee on Sound Equipment

6:30 P.M. Group Dinner
8:00 P.M. Joint Technical Session with Radio Club of America

"Electron Multipliers and New Electron Technique" (with demon-
stration), by V. K. Zworykin, RCA Manufacturing Company,
Victor Division.

TUESDAY, NOVEMBER 19

9:00 A.M. Registration
Opening of Exhibits

9:30 A.M. Joint Technical Session with RMA Engineering Division
"A Tragedy in Specifications," by L. C. F. Hoyle, Consulting En-

gineer.
"Management's Stake in Standards," by P. G. Agnew, American

Standards Association.
12:30 P.M. Group Luncheon
2:00 P.M. Technical Session

"The Status of the Radio Spectrum," by C. B. Jolliffe, Federal Com-
munications Commission.

3:00 P.M. Inspection of Exhibits
Meeting of RMA General Standards Committee

6:30 P.M. Stag Banquet (Informal)
Toastmaster, A. F. Van Dyck
"European Experiences in Radio," by L. M. Clement, RCA Manu-

facturing Company, Victor Division
"Speech with Sound Effects," by David Grimes, Philco Radio and

Television Corporation.

1269
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WEDNESDAY, NOVEMBER 20

9:00 A.M. Opening of Exhibits

9:30 A.M. Technical Session
"Instantaneous Tracing of Tube Characteristics" (with demonstra-

tion), by Otto Schade, RCA Manufacturing Company, Radiotron
Division.

"Quantitative Influence of Tube and Circuit Properties on Random
Electron Noise," by S. W. Seeley and W. A. Barden, RCA License
Laboratory.

12:30 P.M. Group Luncheon

2:00 P.M. Technical Session
"Design of Doublet Antenna Systems," by H. A. Wheeler, Hazeltine

Corporation.
"Iron -Core Antenna Coil Design," by George H. Timmings, Meiss-

ner Manufacturing Company.
4:00 P.M. Exhibits Close

Meeting of RMA Committee on Broadcast Receivers
Meeting of RMA Committee on Vacuum Tubes
Meeting of RMA Committee on Facsimile

Advance reservations for hotel accommodations should be ad-
dressed to the Hotel Sagamore as early as possible as these facilities
are limited.

Committee Work
TECHNICAL COMMITTEE ON ELECTRONICS-I.R.E.

A meeting of the Technical Committee on Electronics operating
under the Institute's Standards Committee was held in the Institute
office on October 4 and those present were B. E. Shackelford, chairman;
F. R. Lack, R. W. Larsen, G. F. Metcalf, 0. W. Pike, B. J. Thompson,
Dayton Ulrey, P. T. Weeks, and H. P. Westman, secretary.

The meeting was devoted to reviewing the work of the various sub-
committees for the purpose of correlating their activities and preparing
a schedule of future meetings to complete the work of these groups.

SUBCOMMITTEE ON SMALL HIGH VACUUM TUBES-I.R.E.
The Subcommittee on Small High Vacuum Tubes which operates

under the Technical Committee on Electronics met on October 4.
P. T. Weeks, chairman; G. F. Metcalf, H. A. Pidgeon, E. W. Schafer,
and H. P. Westman, secretary, were in attendance.

The committee reviewed that portion of the 1933 Standards Re-
port devoted to the testing of vacuum tubes and prepared a consider-
able amount of revision material.
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SUBCOMMITTEE ON DEFINITIONS-I.R.E.

The Subcommittee on Definitions operating under the Technical
Committee on Radio Receivers met in the Institute office on Sep-
tember 19 and those present were F. X. Rettenmeyer, chairman; V. M.
Graham, A. V. Loughren, H. Shieve, H. A. Wheeler, and H. P. West-'
man, secretary.

As this was the first meeting of the committee, it outlined the scope
of its activities and the definitions appearing in the 1933 report on re-
ceivers were reviewed.

Institute Meetings

ATLANTA SECTION

The May meeting of the Atlanta Section was held on the 2nd in the
wirephoto room of the Associated Press in Atlanta. It was presided over
by I. H. Gerks and there were fifteen members and guests present.

A "Demonstration of Wirephoto" was presented by E. E. Patton,
supervising traffic engineer of the Associated Press. He presented first
a short talk outlining the theory and development of the wirephoto
system and then explained the operation of the transmitting and re-
ceiving equipment. The equipment which is in operation at that office
was then inspected and a general discussion in which most of those
present participated was held.

BUFFALO -NIAGARA SECTION

The Buffalo -Niagara Section met on Septeinber 18 at the Uni-
versity of Buffalo. L. E. Hayslett, chairman, presided and the attend-
ance was fifty-three.

A paper on "Mechanical Converters" was presented by William W.

Garstang, chief engineer of Electronic Laboratories of Indianapolis,
Ind. He presented first a brief history of the vibrator type converters.
Various circuits associated with these devices were then described and
it was his opinion that power packs using the vibrator with rectifier
tubes are more practical than the synchronous type with their numer-
ous contact points. Various methods used to eliminate hum and radio -
frequency disturbances were explained. Apparatus was available to
demonstrate the performance of many different types of commercial
vibrators. A cathode-ray oscillograph was used and showed the effect
on the wave form of changing circuit constants. Many improvements of
the vibrator element have increased its abilities and useful life. A hard
tungsten point mounted on a reed with a wiping action makes the best
contact. Ingenious schemes to eliminate the mechanical vibrator noise
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have been developed. The present-day vibrator occupies very little
space. In the general discussion which followed, G. C. Crom stated
that he believed the self -rectifying synchronous vibrator to be more
practical than those used in conjunction with rectifier tubes.

CINCINNATI SECTION

A meeting of the Cincinnati Section was held at the University of
Cincinnati on September 17 and was attended by thirty-four. A. F.
Knoblaugh, chairman, presided.

A paper on "Automatic Compensation for Bias and Plate Voltage
Regulation in Class B Amplifiers" was presented by R. J. Rockwell,
engineer in charge of audio developments of the Crosley Radio Corpor-
ation. He discussed generally the difficulties in obtaining good regula-
tion of plate and bias voltages for class B stages and outlined the effects
of poor regulation. He then described the system which compensates
for the regulation and makes unnecessary the use of supply circuits
having exceptionally good regulation. He presented data on a typical
class B modulator whose distortion at rated power output was nine
per cent with rectifier bias, five per cent with battery bias, and only two
per cent with the compensator system.

The section voted to cooperate in a proposed Cincinnati Technical
Societies Council, the first task of which will be to plan for the publica-
tion of a technical calendar to be issued monthly and contain announce-
ments of all technical societies meetings for the month.

DETROIT SECTION

The September 20 meeting of the Detroit Section was held in the
Detroit News Conference Room. A. B. Buchanan, chairman, presided
and the attendance was forty. Twelve were present at the informal
dinner which preceded the meeting.

A symposium of general electronic subjects was presented by six
speakers. Walter Hoffman, chief engineer of W WJ, described the new
plant and studios being erected by WWJ, the Detroit News. He de-
scribed the studio arrangement and the transmitter building plan. He
then described the three -eighths-wave square tower which is supported
on a single insulator and expands similar to an inverted pyramid to the
sixty -foot level from which it is of uniform cross section to the top.

Stanley Almas of KLA Radio Corporation discussed the use of
parabolic reflectors for sound pickup. He then outlined new methods
for controlling feedback in public address work.

Floyd Rousch described the concentric cable transmission line used
by WJR in conjunction with their new fifty -kilowatt transmitter. He
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was followed by Richard Schaeffer who explained the use of electronic

tubes in industrial control with particular application to automobile
factories. F. C. Denstaedt of the Detroit Police Department then spoke
briefly on the possibilities of gas engine driven generators for mobile
police and public address use.

.The series of papers was ended with one by A. B. Euchanan of the
Detroit Edison Company who spoke on "The Patrol of High Tension
Lines with Radio Noise Finders for the Prevention of Line Failures."
Several types of audio -frequency amplifiers and radio receivers used
were described and the methods of locating the source of line noises

discussed.
SAN FRANCISCO SECTION

The San Francisco Section held a meeting on September 4 at the
Bellevue Hotel. R. D.. Kirkland, chairman, presided and thirty-eight
were present. Fifteen attended the informal dinner which preceded the

meeting.
C. W. Hansell, transmitter development engineer of RCA Com-

munications, presented a paper on "Resonant Line Frequency Con-
trol and Its Applications." In it he covered the development, design,
construction, and commercial application of these stabilizers, illustrat-
ing many points with lantern slides and a model. At the conclusion of
his paper he demonstrated the remarkable stability of these oscillators
with two oscillators operating on a wavelength of one meter using in-
dependent power supplies. A general discussion followed and many of
those present examined in detail the equipment used in the demon-

.
strat ion.

WASHINGTON SECTION

E. K. Jett, chairman, presided at the September 12 meeting of the
Washington Section which was held in the Potomac Electric Power
Company Auditorium. Seventy-one attended the meeting and thirty-
one were present at the informal dinner which preceded it.

A paper on "The Broadcast Antenna" was presented by T. A. M.
Craven. The speaker emphasized the practical applications in broad-
casting of the theoretical considerations relative to antennas in general.
He stressed the necessity and importance of the coefficient of reflection
of the earth in the immediate vicinity of the antenna and stated that he
considered it of equal importance in certain circumstances to the
height of the antenna and to the ground system. Some practical diffi-
culties in adjusting and designing directional antennas were described
and the effect on the electrical characteristics of an antenna due to the
presence of another radiating structure in the inductive field was
emphasized.
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Some practical difficulties encountered in directional antennas were
described. It was pointed out that the inability to control the sky waves
was not due to sound theoretical considerations but probably to diffi-
culties in adjusting an antenna properly to secure the predicted radia-
tion pattern. His conclusion was that practical experience confirmed
the theoretical considerations already outlined by engineers in the
PROCEEDINGS and that departures therefrom are due principally to
mechanical difficulties as well as neglect of the importance of the
coefficient of reflection of the ground near the antenna.

Personal Mention

C. H. Bachman has joined the staff of Hygrade Sylvania Corpora-
tion at Emporium, Pa.

E. T. Cahalan has entered the Production Engineering Department
of F. W. Sickles Company at Springfield, Mass.

H. N. Coulter, Lieutenant, U.S.N., has been transferred from the
Naval Air Station at Sunnyvale to the U.S.S. Arizona, basing at San
Francisco.

C. C. Eckert is now in the Engineering Department of Aircraft
Radio Laboratory at Wright Field, Dayton, Ohio.

B. V. K. French has left RCA License Laboratory to become chief
engineer for the Case Electric Corporation at Marion, Ind.

J. M. Glessner has joined the engineering staff of Heintz and Kauf-
man of South San Francisco, Calif.

Virgil M. Graham has left Stromberg-Carlson Telephone Manu-
facturing Company to join the engineering staff of Hygrade Sylvania
Corporation at Emporium, Pa.

Previously with Electron Research Laboratories, J. M. Hollywood
has joined the engineering staff of Ken-Rad Tube Corporation, Owens-
boro, Ky.

Previously with Stupakoff Laboratories, A. P. Huchberger has be-
come president of International Engineers of New York City.

Formerly with Humble Oil and Refining Company, J. F. Imle has
joined the Lago Petroleum Corporation at Maracaibo, Venezuela.

Donald McNicol, past president of the Institute has presented a
nucleus of a communication museum to be housed in the National
Research Building at Ottawa, Ontario, Canada. The collection includes
numerous rare items many of which were used, during the,opening years
of the Twentieth Century. In arranging for its housing at Ottawa,
Colonel Steel of the Canadian Broadcast Commission cooperated with
Mr. McNicol.
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TECHNICAL PAPERS

AN UNATTENDED ULTRA-SHORT-WAVE
RADIOTELEPHONE SYSTEM*

By
N. F. SCHLAACK AND F. A. POLKINGHORN

(Bell Telephone Laboratories, Inc., New York City)

Summary-Some of the factors involved in the application of an ultra -high -

frequency radio link to wire telephone plant are discussed. .4 description is given of

an ultra -high -frequency radio circuit which has been set up and operated between

Green Harbor and I'rovincetown, Mass. This circuit is used as a part of a regular

loll telephone circuit between Boston and Provincetown. It has been found that the
equipment can remain in operation over considerable periods without attention or

adjustment.

OR several years attention has been directed by Bell Telephone
Labor:it (tries toward 'determining ' the characteristics of ultra-
high frequencies and their possible application to the telephone

plant. The results of some of the more fundament al studies have been
published.' They led to the belief that ultra -high -frequency radio might
find a useful field as an adjunct to the wire telephone plant in crossing
natural barriers where other means might prove difficult or expensive.

It was found that ultra -high frequencies have a comparatively
short useful range since they are not reflected- from the Kennelly -
Heaviside layer and are attenuated according to the inverse square
of the distance. From an engineering standpoint the principal advan-
tages of the use of ultra -high frequencies lie in the fact that atmospheric
disturbances are much less than at lower frequencies and antennas
of a much higher gain can be built in a given space. As far as trans-
mission is concerned, the relation between transmitted and received
energy in a short-range ultra -high -frequency radio system using half -
wave antennas is practically independent of frequency. The ease and

* Decimal classification: R423.5 X R450. Original manuscript received by
the Institute, May 3, 1935. Presented before Tenth Annual Convention, Detroit,
Mich., July 1, 1935.

1 C. R. Englund, A. B. Crawford, and W. W. Mumford, "Some results of
a study of ultra-short-wave transmission phenomena," PROC. I.R.E. vol. 21,
pp. 464-492; March, (1933); Bell Sys. Tech. Jour., April, (1933).

J. C. Schelleng, C. R. Burrows, and E. B.Werrell, "Ultra -short-wave propa-
gation," PROC. I.R.E., vol. 21, pp. 427-463, March, (1933); Bell Sys. Tech.
Jour., April, (1933).

C. B. Feldman, "Optical behavior of the ground for short radio waves,"
PROC. I.R.E., vol. 21, pp. 764-801 June, (1933).

1275



1276 Schlaack and Polkinghorn: Unattended Radiotelephone System

efficiency of the production of energy, however, decreases quite rapidly
as the frequency increases, particularly when crystal controlled trans-
mitters are considered.

In order to determine some of the possibilities and capabilities of
an ultra -high -frequency radiotelephone system a channel was set up
between the experimental stations of Bell Telephone Laboratories
located at ,Deal and Holmdel, N. J. This channel was operated on an
experimental basis for nearly two years and much useful engineering
and operating information was obtained.

In order to make the new facility practicable for use in as many as
possible of the situations for which it is technically adapted, it is
necessary to keep the total operating costs low. With ordinary radio
equipment arrangements the costs of continuous attendance at both
terminals of the. circuit would considerably exceed all of the other
operating charges combined. By designing the equipment to include
certain features over and above the basic requirements, it is possible
to reduce to a minimum the attendance necessary to assure continuous
operation. By using equipment capable of continuous operation out of
doors, considerable additional economies are effected.

The operation of a radio system as a part of a toll telephone circuit
involves considerations not found in other types of operation.

With most radio systems now in use, including broadcasting, it is
desirable to regulate the volume at the input to the radio transmitterin order to obtain the greatest modulated ouput. This is necessary
primarily to override radio noise. When the volume is regulated in a
system which may be connected to two -wire circuits, it is usually
necessary to add voice -operated switching devices to prevent echoes
and singing around the circuit.' Ultra -high -frequency radio circuits,however, are normally quite stable and comparatively free from noise.It is possible, therefore, to omit volume regulation and voice -operateddevices at a considerable saving in cost. It is necessary under thiscondition to provide a radio transmitter of somewhat higher powercapacity than would be required if volume regulation were used butthe cost of this additional power is small compared to the cost of thefeatures required to provide for "regulated volume operation."In order to form a two -wire two-way circuit which can be switchedto other circuits in the telephone plant the two unilateral radio cir-cuits operating in opposite directions are brought together in hybridcoils like the oppositely bound paths of an ordinary four -wire circuit.The usual compromise networks are provided to balance the connect-

2 S. B. Wright and D. Mitchell, "Two-way radiotelephone circuits," PROC.',ILE., vol. 20, pp. 1117-1130; July, (1932); Bell Sys. Tech. Jour., July, (1932).
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ing circuits. The problem of preventing the possibility of singing is
similar to that encountered in setting up wire circuits, namely, that
losses around any path exceed the gains by an adequate margin under
all conditions.

When a radio transmitter and receiver are located near each other,

as it is desirable to do for the application under consideration, some
induced voltage from the local transmitter is impressed on the local
receiver. In a single circuit system this would appear as an echo and,
in general, need not be reduced to an extremely low value. The maxi-
mum value of echo or side tone to be tolerated arising from this source
depends primarily upon the delay and the losses encountered in the
connecting circuits. The factors which control the amount of echo are,
of course, the physical spacing between transmitter and receiver and
the frequency separation between the received and transmitted signal.

If unattended operation is to be obtained it is desirable that start-
ing and stopping both the transmitter and the receiver be separately
controlled from the telephone office. It is also desirable that some sort
of local testing arrangement be provided to allow the test board oper-
ator to determine whether the transmitter and receiver are operating
properly:

In order to obtain representative information on the feasibility
of operating an ultra -high -frequency telephone circuit on an unat-
tended basis in the telephone plant and to secure a better idea of the
mechanical and electrical requirements, equipment was constructed
by Bell Telephone Laboratories for such an installation. Conventional
types of tubes, designed for use at frequencies below thirty megacycles
were employed, and it was found, on this account, that the practical
frequency limit was about 65 megacycles.

With the cooperation of the New England Telephone and Tele-
graph Company this equipment was used to establish an experimental
ultra -short-wave circuit between Green Harbor and Provincetown,
Mass., as indicated on Fig. 1. The physical conditions are favorable
for an ultra -short wave link between these two points which are about
twenty-four miles apart. Sand dunes near Provincetown, rising about
eighty feet in height, make it possible to secure an optical path across
the bay. The radio circuit is extended by wire from Green Harbor to
Boston to form a direct Boston-Provincetown toll circuit. It is used as
one of a group of terminal circuits and is operated at the normal over-all
net loss for this type of circuit, namely, nine decibels.

At Boston and at Provincetown the circuit appears at a jack in the
switchboard beside the jacks of wire toll circuits. As far as the operator
is concerned, switching and ringing operations are performed in the
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same manner as for other similar grade toll circuits and there is noth-
ing to designate that this toll circuit has a radio link. The insertion of
a cord into the jack starts the radio transmitter at that end of the cir-
cuit. The' receivers at both ends are kept in constant operatiOn while
the circuit is available for traffic. Ringing is accomplished by sending
a 1000 -cycle tone interrupted at twenty cycles over the circuit. Since
the radio transmitter requires less than one second to start, the
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Fig. 1

operator may ring practically immediately after inserting the cord.
Privacy equipment similar to that used on the transatlantic short-wave
radio channels, is installed at the terminal offices.

The receivers are started and stopped by the operation of a key at
the local test board. The power supply is arranged so that when the
receiver is in operation, power is also supplied to some of the filaments
of the transmitter: Provision is made for testing the over-all operationof the local transmitter and receiver by the manipulation of a key
at the test board at each end. Throwing a key causes a tone to be
generated at the transmitter by making the first audio stage oscillate.
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This modulates the transmitter. An auxiliary oscillator in the receiver
is also started. This causes the signal from the transmitter to fall in
the band of the local receiver. If both transmitter and receiver are
operating properly, the tone will be heard by the test board operator.

Transmission from Green Harbor to Provincetown is accomplished
on a frequency of 65 megacycles and in the reverse direction on 63
megacycles. This does not represent the minimum possible frequency
spacing for this equipment, but was a convenient one for the experi-
ment.

The transmitters are crystal controlled and are capable of deliver-
ing fifteen watts of carrier power which can be completely modu-
lated. It was estimated that this would give a reasonably satisfactory
circuit. Crystals of the "BT" type3 havuig a low temperature -frequency

CRYSTAL FIRST SECOND
OSCILLATOR HARMONIC HARMONIC

GENERATOR GENERATOR6,125 MC

16 25 MC

AUDIO
INPUT

32.5 MC

FINAL FREQUENCY
AMPLIFIERS

NO.1 NO2

ES MC 65 *AC
OUTPUT

ES MC

FIRST STAGE
AUDIO AMPLIFIER

RELAY TO MARE
STAGE OSCILLATE

AT 1500 CYCLES
FOR TEST

SECOND STAGE 310 COLTS OCO WATS
AUDX) AMPLIFIER RECTIFIERS

Fig. 2-Block schematic of ultra -short-wave transmitter.

coefficient were used in airplane type temperature controlled ovens in
order to maintain the signal within the band of the receiver.

A block schematic of the Green Harbor transmitter is shown in
Fig. 2. The Provincetown transmitter is of similar construction. The
quartz crystal oscillator, in which the second harmonic is selected, is
followed by two harmonic generators, a push-pull modulating amplifier,
and a push-pull power amplifier. Modulation is accomplished by
supplying audio -frequency power to the plate and screen of the modu-
lating amplifier and to the screens of the second harmonic generator
and the power amplifier. The audio -frequency power for modulation
is obtained from a two -stage transformer coupled amplifier. Small re-
ceiving type pentodes (Western Electric No. 294A) are used in each
socket except for the power amplifier stage and the last audio stage
which use respectively two 75 -watt tetrodes (Western Electric No.
282B) and two low power triodes (Western Electric No. 275A) in

3 F. R. Lack, G. W. Willard, and I. F. Fair, "Some improvements in quartz
crystal circuit elements," Bell Sys. Tech. Jour., July, (1934).
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push-pull. The audio gain provided in the transmitter makes it pos-
sible to obtain complete modulation with an audio input of seventeen
decibels, below a°milliwatt in six -hundred ohms. Two rectifiers employ-

, ingt, hot -cathode mercury-vapor tubes (Western Electric No. 301A)

Fig. 3-Ultra-short-wave transmitter mounted in metal container
suitable for pole mounting.

supply plate and screen potential for all tubes. Grid -bias potentials
are obtained from cathode resistors, and grid leaks. The grid and
plate circuits of each stage are shielded from each other to prevent
extraneous coupling and interstage feedback. The transmitter operates
entirely on standard 110 -volt 60 -cycle supply.
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The receivers also operate from a 110 -volt 60 -cycle circuit. They
are of the double detection type. A block schematic is shown in Fig. 4.

To make unattended operation possible and at the same time permit
high selectivity at these frequencies, a crystal oscillator is used as the
source of beating frequency. The second harmonic of the crystal is
selected in the oscillator circuit and a single stage harmonic generator
produces sufficient voltage of the eighth harmonic for satisfactory
operation of the detector. The intermediate -frequency amplifier con-
sists of three stages of amplification at 1600 kilocycles and has a band
width of approximately 50 kilocycles. A small amount of automatic
volume control is provided to compensate for slight variations in re -

CRYSTAL
OSCILLATOR

5325 KC

16,650 KC'

HARMONIC
GENERATOR

66,600 KC

RECEIVED
SIGNAL

65,000 KC

3 STAGES OF INTER-
MEDIATE FREOVENCY

AMPLIFIERS AT 1600 KC SECOND AUDIO
BAND WIDTH= 50 KC DEMODULATOR AMPLIFIER

FIRST
DEMODULATOR

TO LINE

AUTOMATIC
VOLUME CONTROL

Fig. 4-Block schematic of ultra -short-wave receiver.

ceived voltage caused by variation in humidity and other factors. The
receivers are capable of delivering 0.3 watt of undistorted power to a
six hundred -ohm impedance. This is well in excess of the power re-
quired during normal operation.

The transmitting and receiving antennas are identical and each is
mounted 'on a single wooden pole extending about ninety feet above
the ground. The two poles at each end of the circuit are spaced fifty
feet apart on a line at right angles to the direction of transmission.
This spacing was determined to some extent by the side tone require-
ments and the frequency,spacing. The spacing chosen is only a practical
solution for the condition involved and should not be taken as a mini-
mum value. Horizontal exciter and reflector elements are supported
on standard crossarms. Four pairs of half -wave exciter elements, each
comprising two half wave conductors, are spaced one-half wavelength
apart in a vertical plane on one side of the pole. Four pairs of half -wave
reflector elements are similarly arranged on the opposite side of the
pole. The spacing between exciters and reflectors is one -quarter wave-
length. These antennas when mounted as shown in Fig. 6, give a gain,
measured at the other end of circuit, of twelve decibels over a simple
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half -wave element with the same power input, at the same mean
height. This type of antenna was used as it gave the highest gain and
directivity which could be conveniently mounted on a single pole. High
directivity was desirable not only as a means of increasing the re -
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Fig. 5 -Ultra -short-wave receiver mounted in metal containersuitable for pole mounting.

ceived signal but also to exclude automobile ignition and other noises
originating near the receiving stations.

The transmitters and receivers are mounted on the poles with their
respective antennas. They are connected to the antennas by means of
open -wire transmission lines. A special metal container which can be
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used for either a transmitter or a receiver was designed in order that
the equipment might be mounted in this manner. Attention was paid
in the construction of the metal containers to the protection of main-
tenance personnel. Access to the inside of the transmitter cannot be
obtained until all high voltages have been removed. The high voltage

Fig. 6-General view of antennas and pole -mounted radio
equipment at Green Harbor terminal.

cannot be reapplied until the metal screen door, see Fig. 7, on the front
of the transmitter has been closed. This is accomplished by mounting
a four -terminal plug on the screen door which breaks the power sup-
ply circuits to the transmitter.

In order to allow the equipment to be inspected and serviced with
ease, the entire transmitter or receiver is mounted on a metal panel
arranged so that it may be swung out as shown in Fig. 7. Two outlets
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for 110 volts alternating current have been installed in the left-hand door
jamb to provide a convenient place for connecting soldering irons, etc.

Fig. 7-Open view of ultra -short-wave transmitter.

The equipment was installed at Green Harbor and Provincetown,
Mass., during the month of June, 1934. Signal-to-noise ratios of about
55 decibels, were realized.4 The power loss over the radio path, meas-

4 The signal referred to is that amplitude of 1000 -cycle tone which producescomplete modulation of the transmitter. Both the signal and the noise are meas-ured through a weighting network which offers no attenuation to 1000 cyclesbut attenuates other frequencies in accordance with their relative interferingeffects. If the noise is assumed to be uniformly distributed over the voice bandfrom 250 to 2750 cycles, the total computed noise energy passed by the networkwould be eight decibels less than if no network were used.
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ured from transmission line to transmission line, is approximately 100

decibels. This is substantial agreement with the level terrain formula
derived by C.

o

R. Burrows, A. Decino, and L. E. Hunt from trans-
mission tests over flat land.'

The circuit has been available for traffic almost continuously since

installation, except for periods when tests were being conducted or
minor modifications were being made. Daily observations of the cir-

cuit loss have not shown variations greater than ±4 decibels from the

normal value. Noise from local thunderstorms has never prevented
the circuit from being utilized in the normal manner. The several

months of traffic operation to which the circuit has been subjected

have disclosed no important technical difficulties with this type of

system. It has been found that the radio apparatus can remain in

operation over periods of several weeks without attention or adjust-

ment.
6 Chas. R. Burrows, Alfred Decino, and Loyd E. Hunt, "Ultra-short-wave

propagation over land," PROC. I.R.E., to be published, December, 1935.
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RADIO -FREQUENCY DISTRIBUTING SYSTEMS*
BY

F. X. RETTENMEYER
(Formerly Bell Telephone Laboratories, Inc., New York City; now RCA Manufacturing Company,

Camden, N. J.)

DURING the past few years considerable thought has been
given to brodcast receiving antenna systems which combine
construction simplicity with improved performance. It has been

current .practice in the past to erect a separate antenna for each radio
receiver. This has resulted in considerable annoyances and extremely
poor performance in crowded urban and suburban districts due to the
proximity and consequent coupling of antennas on apartment house
roofs. It is not unusual in such instances for the power output of a
given receiver to vary as much as ten decibels due to the tuning of a re-
ceiver on an adjacent antenna.

Recent developments in radio -frequency distribution systems per-
mit of the simultaneous operation of several thousand broadcast radio
receivers from a single antenna without interaction between receivers.
Moreover these systems permit of the use of an antenna located several
hundred feet from the connected receivers. Consequently an antenna
may be erected in a location relatively free from interference' and the
broadcast signals may be delivered to the connected receivers through
the interference infested areas without undue signal loss and with al-
most complete freedom from local interference. The location of the
antenna in a position relatively remote from interference generating
and interference conducting devices is a matter of the upmost impor-
tance in the reception of noise free broadcast programs.

An adequately shielded receiver is in itself almost immune from
the effects of locally generated interference. Moreover, the electric
field set up by interference generating or distributing devices is largely
confined to a small area in the immediate vicinity of these devices.This is due to the fact that metal lath, building frames, etc., in the
immediate vicinity tend to localize the interference field and to the
fact that the electric field near a radiator (i.e., within a fraction of a
wavelength) is inversely proportional to the cube of the distance from
the radiator.' The complete elimination of radio interference is im-

* Decimal classification: R320. Original manuscript received by the Insti-tute, October 5, 1934.
1 G. H. Browning, "Reducing man-made static," Electroiiics, p. 366, De-cember, (1932).
J. A. Ratcliffe, L. G. Vedy, and A. F. Wilkins, "The spreading of electro-magnetic waves from a Hertzian dipole," Jour. I.E.E. (London), vol. 70, no.425, p. 522; May, (1932).
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practicable, if not impossible, if the use of electricity for light, power,
and communication is to be retained. Radio -frequency distribution
systems would therefore appear to offer the best as well as the most
economical solution of satisfactory broadcast reception in urban and
suburban areas. Indeed certain municipalities' have passed ordinances
aimed at the reduction of local interference which require the com-
plainant to provide a suitable antenna system before his complaint

will be recognized.
A radio -frequency distribution system consists ess,.litiany of an

antenna, a distribution medium, and suitable coupliiu devices for each
connected radio receiver. If the system loss from antenna connected
receiver is of appreciable magnitude, amplifiers to compensate such

losses may be required. The most practical distribution medium is a
radio -frequency transmission line properly terminated in its char-
acteristic impedance to prevent reflections. Practical transmission hues
have a characteristic impedance of 50 to 100 ohms except when loaded

to a higher impedance with priTerly spaced inductances! A standard
antenna has a capacity reactance of about 1000 ohms at 1000 kilo-
cycles. Consequently unloaded lines require a step-down transformer
between the antenna and transmission line if large reflection losses are
to be avoided. From the well-known formulas.

and,

=
\ LC

=1
jeeL

G

it appears that a transmission line having a distributed capacity of 20

Ellis Van Alta and E. L. White, "Radio interference from line insulators,'
Trans. A.I.E.E., vol. 49, p. 1; January, (1930).

C. Manneback, "Radiation from transmission lines,- Trans. A.I.E.E., vol.
42, p. 289; February, (1923).

2 "Interference responsibility shared by radio user," Eke. World, p. 738;
April 23, (1932).

3 M. I. Pupin, "Propagation of long electrical waves,- Trans. A.I.E.E., vol.
16, p. 93, (1899).

M. I. Pupin, "Wave transmission over non -uniform cables and long dis-
tance air lines," Trans. A.I.E.E., vol. 17, p. 445, (1900).

G. A. Campbell, "On loaded lines in telephone transmission,' Phil. flag.,
p. 313, March, (1903).
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micromicrofarads per foot may be loaded to an impedance of 1000 ohms
by 200-microhenry coils spaced at 10 -foot intervals. The cut-off fre-
quency of such a line would be about 1600 kilocycles. If an unbalanced
line of this type terminated in its characteristic impedance of 1000
ohms were connected directly to a 200-micromicrofarad antenna some
70 per cent of the induced antenna voltage at 1000 kilocycles would
appear across the input terminals of the line.4 The same voltage would
appear across the input terminals of a step-down transformer feeding
an unloaded low impedance line if the transformer ratio were such as
to step up the line impedance to 1000 ohms. While higher step-up ratios
are possible, an impedance ratio of 50 or 100 ohms to 1000 ohms ap-
pears to be a good compromise between performance and cost for such
coils. In general, repeating coils intended to couple the transmission
line to the antenna have close coupling (of the order of 90 per cent or
more) between primary and secondary. However, loose coupling may
be used to advantage in some cases such as between an antenna and a
loaded transmission line. For example, if a balanced line is employed
a coil will be required between the antenna ground system and the line
to preserve the line balance. If the line is loaded to an impedance less
than 1000 ohms the coil may be desirable to reduce reflection losses.
The leakage reactance of the transformer may, if properly propor-
tioned, be used as the first set of loading coils in the line. Also the leak-
age reactance might conceivably be used to some advantage in loading
the antenna in special installations in which antenna capacity is
known.

There are two practicable types of transmission lines for this type
of service which effectively avoid interference pickup. The first is the
balanced and transposed line, the chief virtue of which lies in the fact
that longitudinal currents of identical phase and magnitude will be
induced in each leg of the line by local interference fields and will be
balanced out if the line balance is sufficient. The second is the coaxial
conductor line, which, since it has no external field, can be made prac-
tically immune from interference pickup. This line consists of an

4 F. M. Colebrook, "An experimental and analytical investigation ofearthed receiving aerials, Jour. I.E.E. (London), vol. 71, no. 427, p. 235, (1932).E. B. Moullin, "Radio -Frequency Measurements," J. B. Lippincott Co.,p. 413.
5 S. Pero Mead, "Wave propagation over parallel tubular conductors," BellSys. Tech. Jour., p. 327, April, (1925).
E. J. Sterba and C. B. Feldman, "Transmission lines for short-wave radiosystems," Bell Sys. Tech. Jour., p. 411, July, (1932).
W. L. Everett and J. F. Byrne, "Single wire transmission lines for short-wave antennas," Bulletin No. 52, Engineering Experiment Station, Ohio StateUniversity.

 T. McLean, "Transmission line feed for short-wave antennas, QST, p. 25October, (1932).
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inner conductor which lies along the axis of a continuous cylindrical
shield. The usefulness of the former depends almost entirely upon line
balance, whereas, the usefulness of the latter depends principally on
the effectiveness of the outer (shield) conductor.

It is very important that a transmission line have no large im-
pedance irregularities and that it be properly terminated at its char-
acteristic impedance. Otherwise reflections or standing waves may re-
sult which cause excessive attenuation at certain frequencies or at
certain points along the line. It frequently happens that such attenua-
tion irregularities are not apparent when the voltage is measured across
the termination resistance only. Since receivers are usually fed from
intermediate points on the line as well as from the termination end, it
is important that no standing waves of appreciable magnitude exist.
The correct termination resistance is of course the geometric mean. of
the impedances measured at the sending end of the line with the re-
ceiving end open -circuited and short-circuited. In loaded lines an ir-
regularity may be introduced by a loading coil of the wrong induct-
ance such as might occur from shorted turns or by the wrong capacity
between loading coils due to improper coil spacing or high capacity
from a coil to ground. Consequently, it is essential that some care be
taken in the design of loading coils and their housings to prevent the
possibility of high capacity from coil to ground or the shorting of
part of the coil through careless installation.

The loss of loaded lines is generally determined by the resistance of
the loading coils particularly at the high-frequency end of the spec-
trum. Since the resistance of the coil increases with frequency, the line
loss increases in direct proportion as given by the following formulas for

attenuation :

R C
A=

2 L

which holds for lines in which coL is large compared to R and the shunt
conductance is negligibly small. The losses in loaded lines employing
loading coils of moderate size and cost is of the order of 0.1 to 0.25
decibel per section.

The balance of ordinary twisted pair may be materially altered
during installation, with the result that such a line is more susceptible
to local interference. For this reason it is more or less common practice
to shield all transmission lines employed in radio -frequency distribu-
tion systems. The sheath in addition to Its shielding action also serves

6 K. S. Johnson, "Transmission Circuits for Telephonic Communication,"
D. Van Nostrand Co., p. 147.
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to maintain the original configuration of the lines and to insure a uni-
form capacity from each conductor to ground. An ideal shield has
infinite conductivity and is electrically continuous. A lead sheath of
the thickness usually used is therefore a better shield than a thin copper
braid. However, a heavy copper braid or spiral tape of untinned copper
can be made more effective than a lead sheath. Tinned copper braid
due to its higher resistance is generally less effective than untinned
copper braid as a shield. In coaxial conductor lines an outer sheath .of
low conductivity may be of advantage since signal currents are con-
fined to the inner surface of the outer conductor and the interference is
confined to the outer surface of the sheath. If the sheath is well
grounded along its length, the interference current along the sheath
may be considerably reduced, thereby reducing pickup.

CJ6
(A)

0,9

(c)

Fig. 1-Simplified passive radio -frequency distribution system.

RADIO
RECEIVERS
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It is obvious that several types of systems offer possibilities. Thus
a simple system consisting of an antenna, repeating coil, and un-
balanced transmission line might be used to feed a single receiver con-
nected across the termination impedance as shown on Fig. 1 (A). Or
a loaded unbalanced transmission line connected directly to the
antenna and feeding a single receiver as in Fig. 1 (B) might be em-
ployed. Or an unloaded balanced transmission line with repeating coils
at each end might be employed as in Fig. 1 (C). Obviously the system
of Fig. 1 (B) might be modified to employ a balanced loaded line fed
from an antenna and counterpoise, a doublet or other balanced struc-
ture, and coupled to the receiver and terminating resistance through
a repeating coil.

If more than a single receiver is to be supplied from the same trans-
mission line, coupling elements (either passive or active) must be em-
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ployed to prevent receiver interaction. Since radio receivers differ
widely with respect to input circuits it is essential to consider the state
of affairs existing when the connected receiver load consists of equip-
ments whose input impedance varies considerably within the tuning
interval. The input impedance of certain types of receivers may vary
from a few ohms to a maximum of about 1000 ohms during tuning.
Moreover it may be that all receivers are at times tuned to the same
frequency. If satisfactory operation is to result it is essential that the
interaction between receivers be negligibly small. Two problems are
involved; namely, change in signal level due to tuning, and the effect
on the tuning of the first tuned circuit of a previously adjusted re-
ceiver when the tuning of any or all of the remaining -receivers is
changed. Obviously, a complete solution of either of these problems
will involve the constants of the coupling device, the constants of the
transmission line, and the constants of the input circuits of the re-
ceiver. A detailed analysis of the action of coupling networks is be-
yond the scope of this paper. However, a few pertinent facts are evi-
dent from a cursory inspection and these will be discussed. Those re-
ceivers employing low inductance primaries (of the order of 10 to 20
microhenrys) loosely coupled to a tuned secondary are probablyof most
practical interest, since they present one of the most serious problems,
and are still relatively numerous. Greatest interaction between re-
ceivers will obviously occur when all receivers are connected across the
line at one point, say across the termination.

For the conditions outlined above it is obvio.,us that when a large
series resistance is employed to couple the receiver to the line, the
voltage transferred to the first tuned circuit, for a constant line volt-
age, will be nearly proportional to frequency. When a small fixed con-
denser is substituted for the resistance the voltage transfer will vary
approximately as the square of the frequency. With a series inductance,
on the other hand, the voltage transfer will be essentially uniform with
frequency. Numerous combinations of resistance, inductance, and ca-
pacity can be used to effect a uniform voltage transfer; however, such
networks appear to have no particular advantage over the simple series
inductance for the case assumed, which is probably representative of
the greatest number of low input impedance receivers. The coupling
impedance must, of course, be high compared to the line termination
(say twenty to thirty times the termination resistance). The required
magnitude of such impedances is directly proportional to the number
of connected receivers. The detuning effect, which may be defined as
the difference in frequency of maximum secondary current when the
receiver is connected through the coupling elements to the line, and
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resonance frequency, when the receiver is disconnected from the line,
may be shown to be directly proportional to the square of the mutual
impedance between primary and secondary of the input circuit and
inversely proportional to the series coupling impedance. The voltage
step-up from line to first tuned circuit is of course directly proportional
to the mutual and inversely proportional to the coupling impedance.
Obviously the detuning effect is the limiting factor in the determina-
tion of the coupling inductance. The loss in step-up of a given re-
ceiver due to the coupling inductance with ten connected receivers of
the low impedance type is of the order of ten decibels for a detuning
effect of about one kilocycle under conditions likely to be obtained in
practice. Since the loss from antenna to receiver will be proportional
to the . number of connected receivers, systems employing such net-
works are limited to about ten or fifteen connected receivers.

A loosely coupled transformer may also be employed as a coupling
element. The same general reasoning as that applied to the case above
applies here. Fig. 2 illustrates the relative magnitudes of the leakage
compared to the primary and secondary self -inductances.' Obviously

LEAKAGE
INDUCTANCE

K =COEFFICIENT OF
COUPLING OF T
2

IMPEDANCE RATIO
OF T

Fig. 2-Equivalent circuit constants of coupling transformer.

a voltage step-up cannot reduce the effective coupling loss since for
a given amount of detuning the leakage must be increased in propor-
tion to the step-up. A practical case might involve a coefficient of
coupling of 25 to 30 per cent with a leakage reactance of the order of
one millihenry and mutual impedance equal to the secondary self-
impedance, to work from a 100 -ohm line. Since the number of con-
nected receivers in systems employing passive coupling elements of the
above type are limited to about ten to fifteen, the increase in line loss
due to the connected receivers is negligible. Moreover it is evident that
certain types of modern receivers having a high input impedance
loosely coupled to the tuned circuits might be connected directly to
the low impedance transmission line without the use of coupling ele-
ments. The chief disadvantage of a practical system employing passive
coupling elements lies in the low loss (about 20 decibels) between any
two connected receivers, and in the small number of receivers that can
be served by a single antenna. Thus an oscillating receiver or certain

7 W. J. Creamer, "Autotransformer circuit analysis," Radio Engineering,vol. XIV. no. 7, p. 18; July, (1934).
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types of double detection receivers may feed sufficient energy back
into the transmission line to spoil reception on other receivers.

This state of affairs can of course be remedied by the use of higher
loss coupling elements. Since the average receiver must receive signals

over a range of intensity of about 60 decibels, there should be an
equivalent amount of isolation between any two connected receivers.
Probably the most practical method of accomplishing this result is
through the use of resistance pads. If L -type pads of high loss are con-
nected across the line each with a loss of 25 to 30 decibels, it is obvious
that the necessary isolation may be obtained. It will be necessary of
course to compensate for such losses by means of amplifiers. If a large

number of such pads are connected across the line, it is obvious that
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Fig. 3-Plot of N =300A -10X for Western Electric No. 700 cable.

the line loss between the first and the last connected receiver will be
increased. As a practical case assume that 10,000 -ohm pads are to be
uniformly distributed along an unbalanced 65 -ohm line having a loss
of 0.3 decibel per hundred feet. The attenuation constant for such a
line is given by the expressions

( LG\ ATCT

2 2011 L

This assumes that the series inductive reactance per unit length of
line is large compared to the series resistance per unit length and that
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the reciprocal of the shunt capacity reactance is large compared to the
shunt conductance. This assumption is justified for most practical
transmission lines at broadcast frequencies. Assume a total permissible
line attenuation corresponding to attenuation constant Al. If the
length of line is X feet, then it can be shown by substitution in the
above equation that the number of pads N is related to the length of
line by the following expression:

N = 300A1 - 10X .

Fig. 3 is a plot of this expression for several values of line loss. Thus
if a permissible total line loss of about 4 decibels is assumed, seventy-five
receivers may be supplied from a 750 -foot line. Obviously such a dif-
ference in signal is inappreciable and such an arrangement should be
satisfactory if a broad band amplifier of some 30 -decibel gain is em-
ployed at the antenna end of the transmission line. If the pads are ar-
ranged as shown in Fig. 4 the loss between any two connected receivers
will be about 65 decibels.

A A

Fig. 4-Resistance pads as coupling elements.

Untuned amplifiers may also be employed as coupling elements
as shown in Fig. 5. If neutralized they constitute excellent coupling
elements since they may be made to operate as substantially unilateral
devices. The loss from plate to grid of a neutralized amplifier is about
70 decibels at broadcast frequencies whereas unneutralized three -ele-
ment tubes show a loss from plate to grid of about 25 decibels. More-
over the gain of the amplifier may be made to compensate for system
losses. In general, systems employing coupling amplifiers will accom-
modate several hundred connected receivers, the practical limit being
determined by line losses and effective amplifier gain.

The principal, disadvantage of amplifiers as coupling elements lies
in the fact that modulation between strong signals or between a strong
carrier and the filament supply frequency, due to the nonlinear opera-
tional characteristic of the tube and circuit, may occur. A filament type
tube utilizing alternating current directly on the filament and.employ-
ing the customary center tap or its equivalent will modulate a signal
with the second and higher order harmonics of the filament supply
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frequency. The degree of modulation or the magnitude of the inter-
ference side bands are in general functions of the signal amplitude
and of the square of the filament supply voltage. This is easily shown
by considering the noise due to:

1. Change of potential of plate and grid with respect to a given

point on the filament with time.
2. The nonlinear operational characteristic of the tube and associ-

ated circuits.

MN
LBRANCH LINE

SINGLE -STAGE
AMPLIFIER

rl E 1E

MAIN TRANSMISSION LINE

SINGLE
STAGE

AMPLIFIER

Fig. 5-System using active coupling elements.

For simplicity consider a straight homogeneous filament all points
of which are symmetrical with respect to grid and plate. Let the fila-
ment supply center tap be common to plate and grid circuits (see Fig.
6). Let (e = C sin wt) represent a signal voltage applied to the grid and
let

(Ey = E73Ec) represents the effective grid potential and

(e2 = A sin pt) represents the filament supply voltage.

- - A SIN pt

Fig. 6-Simplified tube circuit with alternating -current filament supply.

If the tube characteristic is given by

i = Ole + 020.:4- 030 + Onen

where e represents the total voltage referred to the grid circuit of the
tube, it remains toi`evaluate

i = F (en)
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The voltage at distance X from the center of the filament will be

X
-A sin pt

1

where 1 represents the length of the filament. The differential space cur-
rent for length dx of the filament will be

X
di = K [(B C sin cot) - -A sin pt] dx.

Integration shows that the coefficients of one of the two interference
sidebands which after detection yields the second harmonic of the fila-
ment supply frequency [i.e., sin (co ± 2p)t] is given by

- 1)(n - 2)
a A2CE7(n-3)

96
C2 A2

A2C
768 7680

n( - 1) (n - 2) (n - 3)(n - 4)E,(n-o

n(n - 1) (n - 6)
A4c2E,y(n-7)

J.
61440

In addition to these two interference side bands there are a number
of other modulation products which contribute to the resulting in-
terference. Since modulation is due to nonlinearity of the tube char-
acteristic, it follows that it will be much more severe on tube overload
and since for third and higher order terms the coefficient of sin
(w± 2p)t is proportional to A2C to a first approximation it is obvious
that very large carriers will be accompanied by an appreciable inter-
ference side band which, when demodulated by the receiver, will re-
sult in the second harmonic of the filament supply frequency. Since
the interference side bands do not appear in the common leg of the
output circuit of push-pull amplifiers it cannot be balanced out but is
transmitted along with the signal. At full load the effective modulation
of a carrier by the harmonic of the filament supply may be of the order
of 5 per cent for average filament type tubes whereas a value of 0.1
per cent should be maintained for satisfactory operation. There are
several obvious methods of reducing such interference such as low volt-
age, high current filaments, but most of these measures bring into play
factors other than those considered above with a resulting interference
level which is still annoying.8 The obvious remedy lies in the use of
quiet indirect heater tubes.



Rettenmeyer: Radio -Frequency Distributing Systems 1297

By a similar process of reasoning it can be shown that cross modula-
tion (i.e., third order) resulting in the transfer of modulation from a
strong signal to a weak carrier can be expressed as9

_3_133 p2m

which represents the degree of modulation of the weak carrier by the
signal of the strong carrier. In this expression 01 and 03 are first and
third order coefficients of the power series representing the tube char-
acteristics, P the amplitude of the strong carrier, and M the percent-
age modulation of the strong carrier. In a good amplifier tube the
values of these coefficients are of the order of 10-3 and 10-4, respec-
tively. Similar reasoning indicates the necessity of reducing the second
and other higher order coefficients to a minimum if intermodulation
between signals in the coupling amplifiers is to be avoided.

The use of balanced or push-pull coupling amplifiers will reduce
even order modulation products. The use of adjustable band elimina-
tion filters in the antenna circuit to reduce the signals of near -by local
stations, to values well below the overload point of the tubes will ef-
fectively reduce odd order effects since the amplitude of the interfering
voltage appears as a squared term. It is obvious therefore that while
amplifiers may be excellent coupling devices considerable care must
be exercised in their design and manufacture if satisfactory results are
to be obtained. Quiet heater type tubes, with a high degree of linearity
are a necessity. 1\ilultigrid tubes are generally unsuited to this type of
service. In general a low -s tube capable of a large grid swing is most
suitable. It has been found entirely practicable to produce amplifiers
in which the hum modulation is less than 0.1 per cent at full load of
several volts applied to the grid in which the even and odd order
modulation products are down some 60 decibels and 30 decibels, re-
spectively, compared to the fundamental.

8 K. H. Kingdon and H. N. Nott-Smith, "The operation of radio receiver
vacuum tubes on alternating current," Gen. Elec. Rev., pp. 139 and 228; March
and April, (1929).

W. J. Kimmell, "Cause and prevention of hum in receiving tubes employing
alternating current direct on the filament," PROC. I.R.E., vol. 16, p. 1089; August,
(1928).

E. Lofgren, "Elimination of hum in mains operated radio receivers by means
of compensation methods," The L. M. Ericsson Review, No. 4-6, p. 171, (1932).

J. 0. McNally, "Analysis and reduction of output disturbances resulting
from alternating -current operation of the heaters of indirectly heated cathode
triodes," PROC. I.R.E., vol. 20, p. 1263; August, (1932).

9 E. Peterson and F. B. Llewellyn, "The operation of modulators from a
physical standpoint," PROC. I.R.E., vol. 18, p. 38; January, (1930).

F. A. Polkinghorn, "Short-wave transoceanic telephone receiving equip-
ment," Proc. Radio Club Amer., December, (1932).
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From the foregoing discussion it is evident that there are a number
of possible types of radio -frequency distribution systems. The choice
of any given arrangement depends primarily on the service require-
ments which it is intended to meet. Obviously workable systems con-
taining only passive elements can satisfactorily serve only a relatively
small number of connected receivers without excessive signal loss if a
reasonable degree of isolation of the connected receivers is to result.

Li
REPEATING

COIL
REPEATING

COIL
RADIO

RECEIVER

Fig. 7-Simple radio -frequency distribution system serving one receiver.

However such systems are relatively inexpensive and require prac-
tically no maintenance. Large systems require amplifiers to compen-
sate for coupling element losses. Such systems when properly designed
will not only serve more connected receivers but will permit of a
greater degree of receiver isolation. Moreover in installations intended
to serve one hundred or more receivers they may represent a smaller
total investment than a number of passive element systems each serv-

ANTENNA TERMINAL PANEL

LIGHTNING
ARRESTER

RADIO- FREQUENCY
REPEATING COIL PANEL

TO ANTENNA
SPECIAL TERMINALS OF

Y1111 Iin NM
IRON CONDUIT

SHIELD GROUNDED) RECEIVERS
SIX RADIO

N

SHIELDED CABLE

- BGLIFMI,7c?

Fig. 8-Passive radio -frequency distribution system installed
in Waldorf-Astoria Hotel.

CONTROL ROOM
- - _ ,.SYSTEM GROUND

ing a part of the connected receiver load. Maintenance on such sys-
tems can usually be limited to tube replacements. It is evident, how-
ever, that both types of systems are required to cover the field ade-
quately.

One commercially available type of radio -frequency distribution
system consists of an unloaded transmission line, which may be of
either the balanced or unbalanced type, coupled thfough repeating
coils to the antenna and to the radio receiver. This system will feed
from one to fifteen radio receivers connected in multiple, but it may
be used to supply one radio receiver of any type as shown in Fig. 7.
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Coupling devices are unnecessary when high input impedance re-
ceivers are used due to the fact that these receivers are designed for
this type of service. Fig. 8 illustrates the system employed to feed

REPEATING
COIL

CABLE

CONDUIT FOR
MECHANICAL
PROTECTION
F DESIRED

REPEATING
COIL RADIO

RECEIVER

TO ADDITIONAL
RECEIVERS

Fig. 9-Western Electric No. lA radio -frequency distribution system.

six Western Electric receivers in the Waldorf Astoria Hotel in New
York City. This particular installation employs a balanced and
shielded transmission line some 600 feet in length terminated at both
the antenna and receiver ends in balanced and shielded transformers.
The design of the input circuits of the receivers and the repeating coil
are such that the receivers constitute a proper termination for the line.
The loss in each repeating coil is about 0.25 decibel and that of the

COPPER. BRAID

LEAD SHEATH
V

RUBBER (SOLDERED
1

COTTON BRAID

LOOSE LEAD SLEEVE READY
FOR. WIPED JOINTS

SPLICE IN CENTRAL CONDUCTOR AND PREPARATION OF CABLE ENDS

LEAD SLEEVE(
WIPED JOINT.t..,

RUBBER TAPE

4

NO.14 TINNED COPPER WIRE
SOLDERED TO COPPER BRAID

SECTION OF COMPLETED SPLICE

SPLICE IN NO. 700 CABLE

Fig. 10-Splice-in head cover coaxial transmission line.

transmission line about 0.3 decibel per hundred feet at 1000 kilocycles.
Unbalanced lines, such as the coaxial conductor type, may be employed
with this system. The losses in coaxial conductor lines increase as the
square root of the frequency if conductance losses are negligible.' If
rubber insulation is employed it is to be expected that the loss would
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increase at a rate greater than the square root of frequency and less
than the first power of frequency. This has been verified experimen-
tally. The impedance of the coaxial conductor line which is illustrated
in Fig. 10 is 65 ohms. This cable consists of a solid inner conductor of
No. 18 untinned copper separated from a one -eighth -inch rubber wall
by a cotton wrap. A second cotton wrap separates the rubber wall
from a heavy untinned copper braid which is in turn covered with a
heavy lead sheath for moisture proofing. The cable is intended for
underground use or for use, in damp locations. Fig. 11 illustrates the

Fig. 11-Antenna coupling panel.

antenna coupling panel which contains a repeating coil and lightning
arrester and is intended to couple the antenna system to the trans-
mission line. It is intended for mounting in a metal box and should
be located as close to the antenna as practicable to prevent interfer-
ence pickup by the exposed lead-in.

A similar system using amplifiers as coupling elements and intended
to supply ten broadcast radio receivers of any type i§ "shown on Fig.
12. This system employs an antenna coupling panel to couple the an-
tenna system to a balanced transposed transmission line. Single stage
balanced amplifiers are employed as coupling elements. Each amplifier
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iievo a single receiver through a length of balanced transposed trans-
! isi.on line terminated in a repeating coil.

!Ike antenna coupling panel is similar to the panel described above
xcDt that provision is made for mounting four sections of high-pass,
>A2ass, or band -elimination filter. It is intended for mounting in a

: l e d box and is located as close as practicable to the antenna.
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J. 12-Western Electric No. 2A radio -frequency distribution system.

Phe balanced transmission line used with this systed consists of
N 20 twisted telephone bridle wire. The impedance of this type of

is 100 ohms and the loss about 0.6 decibel per hundred feet.
wire is intended to be pulled into rigid conduit or wire mold.

able conduit is very unsatisfactory for this type of service since
t ay act as continuous loading due to the formation of oxide between

urfaces in contact and in some cases, due to its inductive character,
t ay induce interference in the transmission line from local inter-
e;Ice sources.

tle coupling units consist of single stage neutralized push-pull
Ilifiers (see Fig. 13), each supplying one connected receiver. Since
amplifiers are fed by low impedance lines, balanced step-up trans -

'o jkers are used to effect a voltage step-up of some 15 decibels into
ubes. Three -element tubes are employed to obtain low second and

order coefficients and to permit a large grid swing without ap-
liable modulation. The filaments of the tubes are connected in
ks so that heater failure of either tube renders the amplifier in-
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operative. Otherwise poor performance might result due to failure of
one heater.

A single power supply unit is required for ten amplifiers. The regu-
lation of this unit is sufficient to insure proper operating conditions
whether one or ten amplifiers are energized. The transmission line be-
tween the coupling amplifier and its connected receiver may be 500

Fig. 13-Coupling amplifier.

feet in length. This permits considerable flexibility in that the coupling
amplifiers may be located in a group at some central location if de-
sired. It is evident that the recommended length (500 feet) of trans-
mission line may be exceeded by any reasonable amount, the additional
loss of 0.6 decibel per hundred feet being the only penalty.

A similar system employed in the Waldorf Astoria Hotel which is
intended to supply a maximum of 180 radio receivers from a single
antenna is shown in Fig. 14. The essential differences between this
system and the one just described lie in the use of a loaded transmission
line and amplifiers which operate directly from the loaded line with-
out the use of input transformers. An antenna coupling panel is used
to couple the antenna to the transmission line. If there is an appreci-
able length of line (say 50 feet) between this panel and the first cou-
pling amplifier, this portion of the line is unloaded. Balanced, trans-
posed lines are used throughout. The first coupling amplifier contains
a step-up transformer which steps up the line impedance to 1000 ohms.
The remainder of the transmission line is loaded unless there is a run
of 50 feet or so containing no amplifiers, in which case it may be
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economical to step the line impedance down for this run. Loading coils

are assembled in astatic pairs and each pair is matched to 0.1 per cent.
Space is provided in the amplifier for mounting the loading coil as -

ANTENNA
TERMINAL PANEL

MAIN
TRANSMISSION

LINE

FIRST AMPLIFIER

L

THROUGH OTHER
AMPLIFIERS

I II C POWER SUPPLY -
it I I I 1 FII3R5151

I

THROUGH OTHER
AMPLIFIERS

AMPLIFIER R

LAST AMPLIFIER
EQUIPPED WITH
TERMINATING
RESISTANCE 'HA

Fig. 14-System installed in Waldorf-Astoria Hotel.

sembly as shown in Fig. 15. It is frequently impractical to install
loading coil boxes in accessible locations at appropriate intervals along
the main transmission line, and since amplifiers will not always be
located exactly at loading points, provision is made in the coupling
amplifiers for the installation of shunt condensers across the line to
correct for improper inductance spacing. Indeed it is desirable to omit
loading coil boxes entirely, a feature which may be realized with this
system. This permits loading coils to be installed in the most con-
venient amplifier. The input impedance of the neutralized coupling
amplifiers is, of course, entirely capacitative. The spacing of the load-
ing coils therefore depends on the number of amplifiers connected
across the line since the total capacity per section must be a constant
(i.e., within about 25 per cent). While amplifiers do not in themselves
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constitute a loss they effect the allowable length of line in so far as
they affect the number of loaded sections. The last amplifier houses
the termination resistance assembly. This assembly consists of an ac-
curately center tapped resistance shunted by two low resistance choke
coils. The coils serve as a direct -current short circuit to prevent tube
shorts, etc., rendering the system inoperative. As a result plate -to -grid
short circuits, etc., affect only the amplifier in trouble.

* 1$
4, 4 4, 5.as._ice

Fig. 15-Coupling amplifier with and without loading coils.

The coupling amplifiers are balanced and neutralized. Since they
operate from a high impedance line, input transformers are not re-
quired. The tube heaters are connected in series so that a heater..failure
renders the amplifier inoperative. Otherwise poor performance might
result due to the failure of one heater. Provision is made in the ire-
ceiver outlet for energizing the coupling amplifier heater with the radio
receiver switch if desired. This is accomplished by the use of a three -
conductor cord for the receiver and a three -pole power receptacle.

The necessity of providing filters is illustrated by the system in-
stalled in the Waldorf Astoria Hotel. In this installation the antennas
are located between the towers at a height of about 650 feet from the
street. The antenna of television station W2XAB which operated on
2800 kilocycles was located about 400 feet air line from these receiving
antennas. As a result a signal of about seven volts was induced in theWaldorf receiving antenna from W2XAB. Although the loss to 2800
kilocycles in this particular system is considerable, there occurred an
appreciable amount of cross modulation in some of the connected re-
ceivers between W2XAB and local broadcast stations. This condi-tion was effectively eliminated by the use of three sections of low-passfilter in the antenna coupling panel with a loss of some 60 decibels to
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2800 kilocycles. This same condition might have occurred due to a
near -by broadcast transmitter in which case adjustable band-elimina-

tion filters would have been required.
A common amplifier type of radio -frequency distribution system

is shown diagrammatically in Fig. 16. An antenna coupling panel is
used near the antenna to couple the antenna to a coaxial conductor
transmission line. This line, which may be 750 feet in length, is con-
nected through a filter panel to a maximum of four power amplifiers.
Each of these amplifiers supplies a maximum of ten coaxial conductor
branch lines to each of which a maximum of seventy-five radio re-
ceivers may be connected. The maximum recommended length of the
branch lines is 750 feet.

The filter panel includes five adjustable band -elimination filters,
although high-pass or low-pass filters may be mounted interchangeably
if desired. The purpose of this panel is to prevent an excessively strong
signal entering the system which might cause modulation in either the
radio receivers or the amplifiers. Each filter section has a loss of about
20 decibels at the frequency to which it is adjusted, so that an over-all
loss of 100 decibels is obtainable at any frequency in the band. The
loss outside the suppressed band is negligible. The input impedance of
the power amplifier is about 300 ohms. Consequently four of these
amplifiers connected in multiple constitute the correct termination for
either the filter panel or the coaxial conductor transmission line. These
amplifiers are arranged either for rack or cabinet mounting and consist
of four stages of neutralized push-pull aperiodic amplification, the
tubes of the last stage having a rating of about watts each for class
A operation. The over-all gain is about 40 decibels. Second order
modulation products at full load are down about 80 decibels in a prop-
erly adjusted amplifier. Third order modulation products are down
some 65 decibels.

Radio receivers are connected to the branch lines through resistance
pads having a loss of about 25 decibels. The loss between any two con-
nected receivers is about 65 decibels. One of the coupling units, which
comprises a three -resistance pad, is used only at the end of the line,
one of the resistors serving as a line termination. The other coupling
unit, which comprises a two -resistance L -type pad, is used to couple re-
ceivers to the line at intermediate points. This type of coupling element
presents a fixed load to the line and the resulting line loss is practically
independent of the number of connected receivers, depending instead
on the number of outlets. These units are intended for mounting in a
single gang switch box or in combination with the power outlet in a
double gang box. A total maximum branch line loss of 4 decibels has
been chosen as suitable for this type of service.
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For large installatiQns this system is economical and easily in-

stalled. A normal installation will serve three thousand connected re-

ceivers with a maximum possible difference in delivered signal level of

about 4 decibels. The degree of isolation between any two connected

receivers is better than can be obtained by unneutralized three-element

tube coupling amplifiers and is practically the equivalent of neutral-

ized coupling amplifiers. Moreover the filter panel provides means of

reducing the signals of near-by radio transmitters sufficiently to pre-

vent cross modulation in connected receivers having insufficient high -

frequency selectivity. It is obviously entirely practicable to extend the

number of receivers to be served by a single antenna from three

thousand to a much larger number by using amplifiers as boosters at

any receiver location or at the end of any of the branch lines.
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DEVELOPMENT OF CATHODE-RAY TUBES FOR
OS CILLOGRAPHIC PURPOSES*

BY

R. T. OnTH, P. A. RICHARDS, AND L. B. HEADRICK
(RCA Radiotron Division, RCA Manufacturing Company, Inc., Harrison, New Jersey)

Summary-Some typical electrical characteristics of a cathode-ray tube elec-
tron gun are shown and the function of the various gun elements described. Light
output, luminescent screen efficiency, space distribution of radiation, as well as
decay and spectral distribution characteristics of willemite screens, are shown and the
relations of the various factors discussed. The starting and dynamic characteristicsof the tube are discussed. Magnetic and electrostatic deflection are discussed with
regard to sensitivity, frequency range of application, and impedance of deflectionplates. In conclusion, a few general precautions in the operation of cathode-ray tubesare given.

THE growing realization by engineers of the adaptability of cath-
ode-ray equipment to the quick and reliable solution of many
high -frequency problems presents a challenge to the designer of

cathode-ray tubes. Needless to say, the designer has accepted the chal-lenge by developing new and improved types of cathode-ray tubes.
These tubes are of rugged construction, have long life, high sensitivity,good brilliance control, and are not critical in adjustment. In fact, they
possess reliability in operation and simplicity of control comparable
with the same features of radio receiving tubes.

In the early stage of development work on cathode-ray tubes' con-ducted in the laboratory of the RCA Radiotron Division of the RCA
Manufacturing Company, Inc., it was apparent that two lines of at-tack were feasible; first, an investigation of the characteristics of thegas -filled type, and second, an investigation of the characteristics ofthe high vacuum type. After a careful consideration of both types, adecision was made in favor of the high vacuum type. A high vacuumtube may be considered as one which is evacuated to a pressure oflower than 10-5 millimeters of mercury. It may be well to mentionsome of the considerations which determined this choice. In a gas -filled tube, positive ion bombardment of the cathode is a troublesomefactor, especially where an oxide -coated cathode is used. The use of anoxide -coated cathode is very desirable because it operates at a lowcathode temperature and produces practically no illumination to con-flict with the luminescent pattern on the screen. Bombardment of thisform of cathode shortens tube life appreciably at low voltages and

*Decimal classification: R388. Original manuscript received by the In-stitute April 15, 1935.
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seriously at high voltages. In a given tube it is necessary, in order to

obtain optimum focus, to adjust the beam current to a critical value

for a particular operating voltage condition. This requirement makes

control of the light intensity over a wide range difficult. Again, the

control of a definite low gas pressure (a few microns) complicates

manufacture. Furthermore, because of this sin amount of gas, it is

not easy to prevent an appreciable change of gas pressure during tube

life due to absorption or liberation of gas by the glass walls or metal

parts. The high vacuum tube does not present these difficulties, al-

though another means of focusing is necessary to take place of the gas

concentration.*
It is known that the direction of a moving electron may be con-

trolled by either a magnetic or electrostatic field, and that either or

both may be used to focus a beam of electrons to produce a small spot.

The theory of magnetic concentration has been developed by H.

Busch7,8,9 and Thibaud." The application of magnetic focusing to the

electron microscope for high magnification is given by E. Ruska.",12

The theory of electrostatic focusing has been recently outlined by V.

K. Zworykin,"." I. G. Maloff and D. W. Epstein." A number of pa-

pers describing experimental work on these methods of focusing have

been published by Knoll and Ruska," Ruska,'7 and Johannson." The
by E. Bruche and 0. Scherzer'9 gives an excellent survey

of the field of electron optics, covering electric, magnetic, and gas -

focusing methods. To focus fast-moving electrons magnetically re-

quires considerable power in the magnetic coil which is placed coaxially

around the tube neck. Because of this, and because of the complica-

tions which may arise through the presence of electrostatic accelerat-

ing fields and interaction with magnetic deflection fields, it is often

desirable to use electrostatic focusing. This method depends almost

solely on the ratio of voltages applied to two of the electrodes.

THE ELECTRON GUN

Fig. 1 is a cross-section diagram of the electron gun and shows the

electrodes, equipotential lines, and beam outline. As mentioned above,

the cathode is oxide coated, of the unipotential type, and heated by a
noninductive heater coil. The cathode is surrounded by a control elec-

* The exact mechanism of gas concentration is probably not yet clearly
understood, but a review of its action may be found in the papers by W. Ende,'
von. Ardenne,2 and 0. Sherzer.3 The determining factors in the production of a
gas -concentrated electron beam are the kind of gas, the gas pressure, the current
strength, construction of accelerating electrodes, and the strength and con-
figuration of the resulting electric field. The relations of these factors in the pro-
duction of a gas -concentrated electron beam are quite clearly understood and
are outlined by E. Bruche.4,3,3

1 Numbers refer to Bibliography.
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Fig. 1-Typical electron gun diagram, beam outline, and
equipotential line plot.
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trode or No. 1 grid. The amount of current drawn from the cathode is
determined by the negative bias on this electrode.. A nominal positive
potential on the No. 2 grid or accelerating electrode gives the emitted
electrons their initial acceleration toward the luminescent screen. The
field shape in this region also tends to bring the beam to focus. How-
ever, the main focusing field is between the No. 1 and No. 2 anodes.
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Fig. 3-Typical beam current control characteristics of an
electron gun (anode No. 2 voltage as parameter).

The No. 2 anode is the high voltage electrode which gives the electrons
their final energy for producing luminescence of the screen. For focus,
the No. 1 anode is run at between one fourth to one fifth of the posi-
tive potential on the high voltage electrode. For a particular gun
structure, the ratio of the anode voltages to produce focus is a con-
stant and is independent of the magnitude of the applied voltage.

In brief, the paths of the electrons from cathode to luminescent
screen are initially convergent through the control electrode, and focus
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in the region of the accelerating electrode. From here, they diverge to
the main focusing field where they are again made to converge but
this time at a point on the luminescent screen. Those electrons which
are too divergent to be focused by the main focus field are stopped by
a beam -defining aperture in the No. 1 anode. In some gun structures,
the accelerating electrode or No. 2 grid is omitted, and in this case,
the No. 1 anode provides the initial accelerating and focusing field for
the electron beam.
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Fig. 4-Electron beam envelope from anode No. 1 to luminescent screen.

Figs. 2 and 3 show typical control characteristics, variations of the
beam current with negative voltage on the control electrode. The
curves in Fig. 2 were taken with a constant potential of 3000 volts
on the No. 2 anode, while those in Fig. 3 were taken with a constant
potential of 100 volts on the No. 2 grid. These curves show that the
beam current for a given control electrode voltage increases with both
the No. 2 grid and the No. 2 anode voltage but is more dependent on
the No. 2 grid voltage especially at high No. 2 anode voltages.

The curves in Fig. 4 show the variation in the beam envelope with
changes in the No. 1 anode voltage, the No. 2 anode voltage being held
constant. With a high value of No. 1 anode voltage, the focusing field
between the two anodes is insufficient to converge the beam toward a
focal point on the screen, and the beam can be seen,to diverge. The
divergence of the beam is decreased by lowering the No. 1 anode volt-
age. At a particular value of No. 1 anode voltage, the beam is almost
parallel. Further decrease in the No. 1 anode voltage causes the beam

36
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to focus at some distance from the gun. The distance between the
gun and the focal point decreases as the No. 1 anode voltage is de-
creased. It will also be noted that as the focal point becomes closer to
the No. 1 anode, the size of the focal spot becomes smaller. This change
in spot size follows the laws of geometrical electron optiCs. The curves
in Fig. 5 show that the spot size as measured usually decreases with
an increase in No. 2 anode voltage and increases linearly with the
square root of the beam current. Therefore, if a very small spot size
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Fig. 5-Typical spot -size characteristics.

is desired, the tube may be operated at a high No. 2 anode voltage
with a low beam current.

THE LUMINESCENT SCREEN

The luminescent screen serves to convert the kinetic energy of the
electron beam into light. The spectral distribution and persistence
characteristics of the light emitted are determined by the kind of
luminescent material or phosphor* while the space distribution of the
emitted light depends upon the particle size and screen thickness. The
efficiency of the screen depends upon the kind of material as well as
the particle size, screen thickness, and secondary emission. Zinc ortho-
silicate, commonly known as willemite, has been selected as a lumi-
nescent material suitable for cathode-ray tube screens for numerous
applications, largely because of its inherently high efficiency, its stabil-

* Phosphor is a general term referring to the solid material in the screen
which produces luminescence when excited. ,See Perkins and Kaufmann,
"Luminescent materials for cathode-ray tubes," Pnoc. I.R.E., this issue, pp.
1324-1333:
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ity under electron bombardment, and the fact that the maximum of
the emission band falls at about 5250 angstroms which is very near
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the maximum sensitivity of the eye (5550 angstroms). This screen ma-
terial is identified for convenient reference in this paper as No. 1 phos-
phor.
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The following curves, Figs. 6-9, show average characteristics of
No. 1 phosphor which are of interest from an operating standpoint.
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The curves in Figs. 6 and 7 show the variation of brightness of the
luminescent screen in candle power/cm2 with beam current density
and No. 2 anode voltage. In Fig. 6, the curves are plotted directly
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against beam current density, while in Fig. 7 they are plotted against
No. 2 anode voltage for different values of beam current density. It
will be noted that the candle power increases more rapidly with volt-
age than with current. The curves in Figs. 8 and 9 show the variation
of screen efficiency in candle power/watt with the beam current, as
well as with beam current density, and with voltage. These curves
show that the screen efficiency decreases with increasing current den-
sity, but increases with increasing voltage up to about eight or nine
kilovolts where it is practically a constant.
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The curves in Fig. 10 show the space distribution of light emitted
from a No. 1 phosphor. The solid curve represents measured data,
while the dotted curve follows the cosine -distribution law. The meas-
ured distribution is very near the cosine law. However, in some cases
the relative intensity perpendicular to the surface is greater than that
shown in the above curve. The distribution depends to some extent
on the voltage at which the tube is operated, on the particle size of
the luminescent material, and on the screen thickness, but in "general
is not far from the cosine law.

The curve in Fig. 11 shows the persistence characteristic of No. 1
phosphor. The intensity drops to 0.01 of its original intensity in about
0.06 second.

The spectral -distribution characteristic of No. 1 phosphor is shown
in Fig. 12 where it will be noted that the maximum is at about 5250
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angstroms for practical purposes, the lower limit is about 4800 ang-
stroms and the upper limit is about 6100 angstroms.

OPERATING CHARACTERISTICS OF THE TUBE

The electrons impinging on the luminescent screen produce sec-
ondary electrons which are emitted in all directions and are accelerated
toward the second anode or deflection plates where the beam current
is collected. It is this phenomenon of secondary emission which main-
tains the operation of the tube. Were it not for this phenomenon, the
screen would collect negative electrons from the gun until a charge
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Fig. 11-Typical persistence characteristic of No. 1 phosphor.

would build up on the screen and cause the screen to be at a zero po-
tential or slightly negative with respect to the cathode. However, the
secondary emission allows the luminescent screen to float at some
potential near second anode potential.

The starting characteristic, when the second anode is above ground,
is interesting and may be explained as follows: The random motion of
the ions produced by electron collision with the residual gas molecules
in the tube causes the screen initially to become charged to near the
second anode potential. This allows the gun electrons to strike the
screen, after which the tube continues to function because the screen
floats at the potential at which the secondary emission equals the pri-
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mary beam current as described above. Although the tubes are evacu-
ated to such a high degree that the residual gas plays no part in the
focusing and does not alter the normal electrical characteristics of the
tube under operating conditions, there are always gas molecules in
the tube in sufficient quantity to explain the starting characteristics
of the tube.

DEFLECTION CHARACTERISTICS

The beam of electrons as accelerated out of the electron gun and
focused on the screen may be deflected either by magnetic or electro-
static fields. In order to move the spot in two directions over the screen,
it is necessary to apply two fields whose forces are at right angles.
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Fig. 12-Typical spectral energy characteristic of No. 1 phosphor.

These separately applied fields of force may either both be magnetic,
electrostatic, or a combination of the two. It has been found possible
to deflect in both directions magnetically with the fields applied at the
same point along the electron trajectory. It is more difficult to obtain
a distortionless pattern with electrostatic deflection in both directions
when the fields are applied at the same point along the trajectory, but
it is quite simple to deflect first in one direction and then the other by
displacing the deflection plates along the length of the bulb neck. The
combination of electrostatic deflection in one directiori and magnetic
deflection in the other direction is often best when it is highly neces-
sary to eliminate distortion. When the two methods of deflection are
combined both fields may be applied at the same point along the elec-
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tron trajectory without any trouble from interaction between the
fields. The advantages of this are that both the deflection plates and
magnetic poles may be made small, and yet the fields can be practically
uniform for maximum deflection in any direction.

From an application standpoint, it is well to consider the region
over which the different types of deflection may best be applied. Elec-
tromagnetic deflection with coils using a core of magnetic material,
besides being limited by the distributed capacity of the coils and their
resonant frequency, is largely limited by the frequency characteristics
of the core material. Electromagnetic deflection with air -core coils may
be used throughout the band of high radio frequencies with proper coil
design. Electrostatic deflections are usually the simplest when high fre-
quencies are being studied. The potential to be studied may be con-
nected to the deflection plates directly or merely through a coupling
condenser in many applications. Where the potential is too high a
simple high impedance voltage divider is feasible and where the po-
tential is too low to cause a suitable deflection a voltage amplifier is
all that is required. This makes the band of frequencies which may be
studied range from direct current and audio frequencies to high radio
frequencies. When ultra -high frequencies of the order of magnitude of
3 X 109 cycles are being measured, even this method may give diffi-
culty. This is largely due to a very high-frequency deflecting field be-
ing applied to a relatively slowly moving electron beam. The result
may be phase distortion, low or even zero deflection sensitivity.

For those who contemplate using the cathode-ray tube for ultra-
high -frequency measurements, an expression for °the electron velocity
may be useful to determine the time of transit of the electron beam be-
tween the deflecting plates.

Electron velocity = \/2.E1 2(e/m) ems per second (1)

where,
E'1,2= second anode potential in absolute electromagnetic units
e = electron charge in absolute electromagnetic units
m = mass of electron in grams.

In practical units where Eb2 is measured in volts, the expression be-
comes

electron velocity = 5.97 X 10YEb9 cm per second.
The above equation is not absolutely exact, but for electron velocities
of less than ten per cent the speed of light, the error is negligible. Since
the cathode-ray beams of most oscillograph tubes move more slowly
than this figure, the equation may be taken without any correction.

A good magnetic circuit to give deflection in both directions with-
out ,spot, pattern, or wave shape distortion requires considerable care



1320 Orth, Richards, and Headrick: Cathode -Ray Tubes

in design, but a simple magnetic circuit designed to produce a uniform
field over the path of the beam may be used to give good deflection
in one direction. In many applications, the frequency under test may
be applied to the deflection plates and the lower frequency timing
wave may be applied through the magnets. Consideration must be
given to the impedance of the circuit under test as compared with
that of the cathode-ray tube deflecting -plate circuit. Figs. 13 and 14
show in a typical case how the current in the deflecting plates varies
during different phases of the deflecting voltages.
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In Fig. 13, the two deflecting plates toward the screen are connected
across the center -tapped resistance to be used for the circuit under
test. It will be noted that the largest portion of the beam current is
collected at the most positive plate. In Fig. 14, the two deflecting
plates toward the gun are connected across the center-tapped resistor
to be used for the circuit under test. The center tap of the above resistor
is connected to the No. 2 anode. Here it will be noted that the imped-
ance of the latter pair of deflecting plates is higher than for the former,
especially for small deflecting voltages, because a much larger fraction
of the beam current is collected by the pair of plates connected to the
second anode. In both cases the second anode collects only a smallfraction of the beam current.

The collection of the beam current by the deflection plates which
lowers the impedance of this circuit is not an inherent limitation of
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cathode-ray tubes in general but is only due to lack of shielding of the
deflecting plates. For cases where the impedance of deflecting plates is

a very important limitation, tubes are made with shielded deflecting

plates so that their impedance is high and the beam current is practi-
cally all collected by the second anode. The shielding increases the
capacitance of the deflecting -plate circuit and, therefore, for very high -

frequency work, unshielded deflecting plates are more suitable. There
are many different circuit arrangements of the deflecting plates for

which different impedance values result. The above figures represent
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a typical case which may be used to estimate the values for other cir-
cuits. It is difficult to generalize on the factors determining the choice
of deflection, since each application requires its own analysis. The
above discussion may help in shaping the line of attack on these prob-
lems.

The factors determining deflection sensitivity of cathode-ray tubes
under different conditions of operation should be considered in order
to determine the optimum conditions for the sensitivity required for
a given application. The electrostatic -deflection sensitivity for a par-
ticular pair of deflection plates is inversely proportional to the No. 2
anode voltage and directly proportional to their distance from the
luminescent screen. The sensitivity is usually expressed in millimeters
deflection of the spot on the screen per volt impressed across the de-
flection plates.
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Magnetic -deflection sensitivity for a particular tube with a parti-
cular magnetic circuit is inversely proportional to the square root of
the No. 2 anode potential. The magnetic deflection sensitivity is usu-
ally expressed in millimeters deflection of the spot on the screen per
gauss of magnetic field intensity. Since magnetic -deflection sensitivity
is dependent upon the external magnetic circuit and its position
along the neck of the tube, the following expreSsion is given to aid
in the design and placing of the magnetic circuit.

Magnetic sensitivity is given by the following equation:
d/H = (2 . 98/-VE1,2) (X1X2 + X12/2)

where,
d = deflection in millimeters
H = deflection field intensity in gauss

X1 = length of pole in centimeters
X2 = distance from the screen to the nearest edge of the poles
Eb2 = second anode potential in volts

This expression is based on the assumption that the magnetic field is
uniform and extends only between the pole pieces. From this equation,
it becomes apparent that for maximum sensitivity, the poles should
be placed as far from the screen as possible along the tube axis. The
deflection field should not be applied at the No. 1 anode or closer to
the cathode than the No. 1 anode because it may destroy the focusing
mechanism. It is, therefore, necessary to apply the magnetic field be-
yond the No. 1 anode, and it is well to apply this field at a distance
equal to the distance between poles to insure that no appreciable stray
field penetrates within the first anode.

CONCLUSION

It may be well to mention a few general items pertaining to the
operation of cathode-ray tubes.

The tube may be operated either with the cathode grounded andthe No. 2 anode and deflection plates above ground, or with the latter
grounded and the cathodes and other electrodes below ground. If the
tube is operated with the cathode below ground potential, it is neces-
sary to insulate the filament supply to stand the maximum tube volt-age because the voltage difference between the heater and cathodemust be not more than a few volts.

The tubes should be electrostatically shielded if th6 No. 2 anode isrun above ground potential and should be magnetically shielded ineither case from strong extraneous magnetic fields greater than theearth's field. For weak magnetic fields such as the earth's magnetic
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field, a small permanent magnet placed at some distance from the

tube may be used to center the beam in the tube.
Some of the energy imparted to the fluorescent screen by electron

bombardment goes into heat. If an intense beam of the order of a few

hundred microamperes is allowed to remain stationary on the screen

for a short time, several seconds, local heating may result. If sufficient

heat is developed, the screen material may be "burned," resulting in
a loss in efficiency of the luminescent screen at that point. It is, there-
fore, well to have the deflection voltage applied before turning on the
cathode-ray beam. The cathode-ray beam may be completely con-
trolled by turning off the No. 1 or the No. 2 anode voltage, or the beam
intensity may be varied by varying the negative bias on the control

electrode.
Those who are further interested in the fundamental principles

upon which the focusing characteristics of cathode-ray tubes are based

are referred to the recent book by E. Bruche and 0. Scherzer" on
electron optics.
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LUMINESCENT MATERIALS FOR CATHODE-RAY TUBES"

BY

T. B. PERKINS AND H. W. KAUFMANN
(RCA Radiotron Division, RCA Manufacturing Co., Inc., Harrison, New Jersey)

Summary-This paper describes the manufacture, characteristics, and utiliza-
tion of three kinds of luminescent materials (phosphors) which are employed in
cathode-ray tube screens. The phosphors' dependence for efficiency upon minute
details of manufacture is brought out, and the subject of activators discussed. The
different forms of persistence and spectral distribution characteristics with their
corresponding usefulness in the oscillographic and television fields are shown. One
material, called phosphor No. 1 is recommended for general-purpose cathode-ray
tube screens, particularly for visual observation where the highest brilliancy is de-
sired;- another, phosphor No. 2, for work where its brilliant phosphorescence is
wanted for observing extremely low-frequency phenomena and transients; and the
third material, phosphor No. 5, of very short persistence and highly actinic emission,
when photographic records are to be taken of the cathode-ray tube trace.

1HE luminescent screen material, or phosphor, of the cathode-ray
tube is a very important part of the tube since it is the means
for converting the electrical energy of the cathode-ray beam into

light. The efficiency of this conversion depends to a large extent upon
the cathode-ray screen material. Work on luminescent materials datesback to the seventeenth century when Bolognese alchemists' dis-covered that barite (Ba SO4), with correct treatment, continued toglow after exposure to daylight. In 1764, Canton' found that oyster
shells heated with sulphur produced the same result. Stokes' published
the first summary of work done in this field, and Becquerel' made thefirst serious study of these materials. Lenard and Klatt' did notablework in 1889 on the manufacture of luminescent materials. A greatdeal of work on luminescence has been recorded by Nichols and Mer-ritt' in 1912 and Nichols, Howes, and Wilber' in 1928. During the last
few years, however, there has been little published on the accomplish-ments of those who are striving to obtain the best possible materialsand methods of manufacture for the fluorescent screens used in themodern cathode-ray tube. Slight changes in either the screen materialor the method of manufacture may result in large changes in efficiency

* Decimal classification: R388. Original manuscript received by the Insti-tute, April 15, 1935; revised manuscript received by the Institute, June 28, 1935.1 "Fluoreszenz and Phosphoreszenz" in Wien -Harms' "Handbuch derExperimentalphysik," by P. Lenard, J. Schmidt, and R. TQmaschek, (1928).2 E. L. Nichols and E. Merritt, "Studies in Luminescence," published byCarnegie Institution of Washington.
3 E. L. Nichols, H. L. Howes, and D. T. Wilber, "Cathode-Luminescenceand the Luminescence of Incandescent Solids," published by Carnegie Institutionof Washington.
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of the tube, in the spectral distribution of the light, produced by the
screen, or in the persistence with which the light continues to emanate

from the excited portion of the screen after the electron beam has been

removed.
The luminous efficiency of a cathode-ray screen is expressed in

candle power per watt. Candle power is a unit of luminous intensity.
The luminous intensity in any linvt ion is t he luminous flux emit led

from a point source in that, direction through a unit, solid angle.
luminous flux being the radiant rnergy winch is visible to the eye. In

the case of the cathode-ray screen, the can Ile power is measured in a
direction normal to the screen. The watt is the measure of the electrical

energy in the electron beam as determined by the beam current and

voltage. The radiant, efficiency of the screen, expressed in tot al nil t

flux per wat I, is different from its luminous efficiency because the
radiant energy in different; parts of the spectrum is not equally per-
ceptible to the eye. The spectral distribution of a screen shows the
relative amounts of light energy emitted at each wavelength through-
out the spectrum. The persistence characteristic of a cathode-ray tube
screen discloses its brilliancy variat ion with the time of phosphores-

cence (its light, emission after excitation); its light emission during

excitation is called fluorescence.
Each of these different characteristics has its own importance in the

various applications of the cathode-ray tube. Screens which have a
short persistence are desired for recording on moving film. For use in
viewing transients, or very low-frequency wave forms, a screen hav-
ing a long persistence is of great benefit since it holds a picture of the
trace on the screen long enough to permit easy examination. For still
other work, such as television, when it is desired to eliminate flicker
and to avoid noticeable blurring of the moving traces, a medium per-
sistence screen is of advantage. There are many separate opinions
about the advantage of having a certain spectral distribution, or
color, for the viewing screen, but there are definite practical advantages
in confining the color to certain spectral bands. Since ordinary photo-
graphic films are most sensitive to the blue and ultra -violet, it is highly
desirable for making this type of oscillographic records that, all the
light energy be emitted in this spectral region. However, the greatest
visual efficiency is obtained when the light, energy output is emitted
at- a color to which the eye is most sensitive. The average eye is most
sensitive to the wavelength of 5550 angstrom units (in the green).
If a cathode-ray tube emitted monochromatic light of this wavelength,
the brilliancy of the screen would be highest for the same screen
conversion efficiency from electrical to radiant energy, and its luminous
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efficiency would be a maximum. Distributing the energy of light
emission over a wider range of colors will decrease the candle power,
but may have an advantage for special applications. The luminous
efficiency of the screen is also dependent upon its candle power distribu-
tion characteristic-the light output of the screen measured at differ-
ent angles of incidence to the screen. In general, this distribution
should' not be directional, but should allow good visibility throughout
a wide angle of observation. All of the characteristics discussed above
have been considered in producing screens for cathode-ray tubes par-
ticularly suited for different oscillograph applications.

Of the many materials used for cathode-ray tube screens, the one
probably best known is a silicate, synthetic willemite. This is crystal-
line zinc orthosilicate containing a small proportion of manganese. It
is fairly typical of the silicates in particular, and of the so-called
"activated" luminescent materials in general: the pure base material
(zinc orthosilicate) is not luminescent, but becomes so upon the inclu-
sion in its crystal structure of a small amount of some foreign sub-
stance (manganese, in this case), which is called the activator. There is
an optimum concentration of the activator for maximum light produc-
tion efficiency; a large excess of activator produces a material which is
completely insensitive to cathode rays. The optimum concentration of
a given activator varies for different crystalline bases. Silicates may be
formed by heating together suitable proportions of a metal oxide, an
oxide of the activator, silica, and a flux. These preparations are usually
quite stable and not easily harmed by heating in any atmosphere. A
screen using one preparation of this class is identified for convenient
reference in this paper as No. 1 phosphor.

A second group of luminescent materials may be classified as sul-
phides. The term, No. 2 phosphor, is used to identify an example of this
type. The sulphides of various bivalent metals can be made luminescent
by the presence of activators in the same way as can the silicates;
copper is one of the most effective activators. Its optimum concen-tration, however, is so very small that ordinary "chemically pure"sulphide samples may contain enough copper to suppress the lu-
minescence. The process of manufacture is, therefore, begun by purifyinga soluble salt of the metal whose sulphide is to be prepared; this isdone to remove the excess of copper and certain heavy metals, suchas iron and lead, which render the sulphide nonluminescent. Thesulphide may be precipitated from the purified solution. This prepara-tion is mixed with suitable fluxes, sufficient activator is added to bringthe total percentage up to the optimum, and the mixture is fused in acontrolled atmosphere to prevent oxidation of the sulphide. The prod-
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uct is crystalline and usually more resistant to chemical attack than
the corresponding sulphide in the amorphous state.

There is a third group of luminescent materials, including certain
tungstates and molybdates, which are generally considered to be self -
activated and require the presence of no impurity to produce lumi-
nescence. The No. 5 phosphor is an example of this class. It should be
remarked that recent evidence' indicates that activation of the tung-
states may be due to exceedingly minute traces of lead. When lumi-
nescent materials were first investigated systematically, the number
classified as pure, "self -activated" substances was very large. With
later and improved analytical methods, many of these were found to
contain traces of foreign substances which were shown to be activators.
It is, therefore, not surprising that uncertainty concerning the activa-
tion of the tungstates should still exist. The tungstates and molybdates
may be formed by the union, at high temperature, of a metal oxide
with tungstic or molybdic acid. They are quite stable chemically and
certain of them appear to be capable of giving almost unlimited life
in a cathode-ray tube.

Many oxides, both bivalent and trivalent, can be activated by some
of the rare earth elements and by certain other metals, for example,
chromium. A well-known example of this very broad class is the ruby,
which is aluminum oxide activated by chromium; its luminescence
is of the beautiful red color for which the gem is so highly prized.

The No. 1 phosphor, used in RCA tubes numbers 903, 904, 905,
and 906 produces a general purpose screen having high candle power
per watt, brilliant green color, good photographic qualities when veH-
chrome or panchromatic type films are used and a medium persistence
sufficient to aid the eye in eliminating flicker when determining wave
form of certain low -frequency phenomena. The No. 2 phosphor is a
long persistence screen whose special quality is its ability to display
the trace of the electron beam's path long after it has left the screen.
This screen, therefore, finds a wide field where ordinarily the electron
beam travels too slowly for the persistence of the eye to visualize
the shape of the wave formed by the trace or too fast for the eye to
comprehend the detail of phenomena. A short persistence screen is
found in the No. 5 phosphor, which is used in cathode-ray tubes,
RCA -907 and RCA -908. This screen is well adapted to all photo-
graphic work because its spectral distribution lies in the blue and ultra-
violet and because its especially short persistence allows the photo-
graphing of high -frequency phenomena on film moving at high speed.

The candle power distribution characteristic which affects the lumi-
4 F. E. Swindells, Jour. Opt. Soc. Amer., vol. 23, p. 129; April, (1933).
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nous efficiency of all the screens has been found to depend only slightly
upon the electrode voltages of the tube, the particle size of the phos-
phor, and the method of screen manufacture. With increasing elec-
trode voltages, larger particle size, and thinner screens, this character-
istic tends to become more directive along the normal to the screen.
Fig. 10 of the Orth, Richards, and Headrick paper' illustrates that,
in general, it follows the cosine distribution law very closely. This form
of distribution, which is often called perfect diffusion, is highly desira-
ble since the brilliancy of the screen is theoretically the same at any
viewing angle between zero and ninety degrees from normal.

The outstanding features of the above three phosphors are their
differences in persistence. The comparative curves of persistence* for
these screens are shown on Fig. 1, where the luminous intensity of
each screen at the time of excitation is given an arbitrary value of 100.
If these curves were plotted on an absolute scale, the ordinates of
curve A would be only fifteen per cent of the values shown for curve B,
while those for curve C would be only one per cent of those for curve
B. Even with these absolute ordinates the area under curve A is greater
than that for either curves B or C, which confirms the fact that the
luminous efficiency for No. 1 phosphor is greater than for either of the
other screens. No. 5 phosphor (C) shows no persistence whatever by
any method of measurement yet applied to it. Determinations thus
far indicate that the luminous intensity of the screen decreases to zero
immediately after excitation. However, the smallest measurable time
interval in this determination was 0.000027 second and the smallest
percentage of the initial brilliance which could be accurately measuredwas one per cent. Therefore, the conclusion is that the luminous inten-sity of this phosphor decreases to less than one per cent of its excitation
value in less than thirty microseconds. This means that this phosphor
will not blur the trace on a moving film which travels at two hundred
centimeters per second. Tests have further indicated that, at speedsat which a record can be made on the most sensitive moving film, no
detrimental effects will be caused by the persistence of this phosphor.No. 1 phosphor, curve (A) shows a definite persistence extending overa period of nearly a fifteenth of a second before its brilliancy has de-creased below ordinary visibility. However, in a darkened room, thephosphorescence (a term which refers to the luminous radiation givenout after the excitation is removed) is apparent immediately after

6 Orth, Richards, and Headrick, "Development of cathode-ray tubes foroscillograph purposes," PROC. I.R.E., this issue, pp. 1308-1323.* The methods used in obtaining the curves representing the persistenceand spectral characteristics are discussed by T. B. Perkins, "Cathode-ray ter-minology," PROC. I.R.E., this issue, pp. 1334-1344.
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the electron beam is removed from the screen although the intensity
of light is so small as to be of no practical value. No. 1 phosphor aids
the eye in visual observations, and due to its high efficiency can be
used for photographic recording with all nonmoving film cameras.
However, its persistence characteristic causes blurring when moving
films are employed. The persistence of No. 2 phosphor as illustrated jn
curve (B) of Fig. 1, is apparently less than that of No. 1 phosphor
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Fig. 1-Persistence characteristics of three cathode-ray tube phosphors.

since its brilliance decreases extremely rapidly in 0.0005 second after
excitation and drops to less than ten per cent of its initial brilliance
within this time. This fact is of benefit in photographic work; this
phosphor can be used with film moving at moderate speed where No.
1 is not suitable. However, after 0.0005 second, the rate of decay of the
phosphorescent brilliance is very slight; the actual percentage brilliancy
becomes greater for No. 2 than for No. I phosphor before a fifteenth
of a second has elapsed. It might appear that this persistence would be
hard to utilize because of its low percentage of the initial brilliancy.
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However, since the instantaneous brilliancy of the fluorescent spot for
No. 1 phosphor is approximately fifteen per cent of that for No. 2
phosphor, at times equals zero, the absolute brilliancy of No. 2 is quite
appreciable well after one fifteenth of a second. The persistence of No.
2 phosphor is illustrated better by Fig. 2, which shows this character-
istic for three intervals of time, namely, 0-0.05, 0.05-0.5, and 0.5-10
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Fig. 2-Persistence characteristics of No. 2 phosphor. This phosphor isused in cathode-ray tubes where a highly persistent trace is desired.
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seconds. Here it is seen that the brilliancy of this screen's phosphores-
cence is measurable as long as ten seconds after excitation. In a dark-
ened room phosphorescence can be observed a number of minutes after
excitation but its brilliancy is small. In interpreting these curves, it
must be borne in mind that a certain time is required for the phosphor-
escence brilliancy to build up so that, if the screen is excited for tooshort a period, the phosphorescent brilliancy will be much lower than
that obtained when the screen is excited to saturation. Saturation isreached in a shorter time when a more intense excitation is applied tothe screen. It is, therefore, advisable when transients of a very high
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speed are to be viewed that a tube capable of putting the highest pos-
sible wattage into the electron beam be utilized. Repetition of excita-
tion on the same portion of the screen will sometimes increase the per-
sistence brilliancy. This is only true if saturation has not been reached
before re -excitation and if the time interval between excitation and re -

excitation is not too great. Therefore, high speed recurrent patterns
will persist longer than nonrecurrent ones.

The spectral distributions of the light emitted from No. 1, No. 2,
and No. 5 phosphors are shown in Figs. 3 to 5. These curves are all

dfawn to relative energy scales of the same units but to different

10

9

80

70

30

20

10

L..,
o
Z0
0.

L

Lt>
La
cc

_o
4( I

,,
I

%

7

''
i :1-----
4
_L
La

0
Ce

La

?I
:II
Cr.'c,

4 ;,-,1

3I
s-.1

_...,-/iii
.......

. .__4000 5600
WAVELENGTH - ANGSTROM UNITS
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magnitudes to illustrate better their several shapes. The general pur-
pose No. 1 phosphor (illustrated in Fig. 3) proves to have a spectral
characteristic whose peak is near the sensitivity peak of the eye. Its
general shape is of the eye visibility curve but it is more narrow, cut-
ting off more sharply in the blue and red. This form of spectral curve
is very nearly ideal as can be seen by the corresponding visual spectral
curve, shown dotted in Fig. 3, whose ordinates are obtained by multi-
plying the values on the spectral curve by the percentage sensitivity
values of the average eye for each wavelength. The ratio of the areas
under the two curves, illustrated in Fig. 3, or the ratio of the total
energy as evaluated by the eye to that emitted in the visible spectrum,
called the utilization factor, is approximately 0.68 which shows that
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only thirty-two per cent of the visible light emitted from the screen is
not utilized to its fullest advantage by the eye. This high utilization
factor is one of the reasons that No. 1 phosphor has a higher luminous
efficiency than either of the other two screens. The average luminous
efficiency of No. 1, under certain definite conditions, is two candle power
per watt. The color of No. 2 is a bluish white in contrast with the green
of the No. 1 phosphor. The spectral characteristic of No. 2 phosphor,
as illustrated by Fig. 4, is not only more peaked in the blue, than for
No. 1, but it has a far more irregular shape and gives emission through-
out the entire visible spectrum. No. 2 phosphor curve shows three

50

45

40

35

3

W 2

< 2
-1

CC

4

I,
VI
Z
0
a.
til
la
CC

-I
<D

t3.1

..0

ENERGY

1I-..-

<

CC

el4/

e
..0.- .4

7/

P
-.

_..."

IP \
../

......
..,

`.... ,
4800 5200 5600 6000 6400

WAVELENGTH - ANGSTROM UNITS

Fig. 4-Spectral characteristics of No. 2 phosphor. This phosphor is usedin cathode-ray tubes where a brilliant phosphorescent trace is desired.

peaks, one in the green close to that of No. 1 and two in the blue
beyond No. l's low wavelength cutoff.6 As might be expected from its
high blue peak, the green peak energy value of No. 2 phosphor is far
below that of No. 1. Because the eye is quite insensitive in the blue,
the No. 2 visibility curve is reduced considerably below that forNo. 1. The utilization factor for No. 2 is approximately 0.36, which
contributes strongly to the fact that the luminous efficiency of this
screen is about one fifth of that of No. 1. This decrease in efficiency
is also due in part to the fact that the brilliance of the phosphorescent
spot in phosphor No. 2 decreases much more rapidly than that for

6 No. 1 phosphor does not actually cut off at 4800; it continues to emitweakly into the ultra -violet; however, this light is so weak that 4800 is usuallyconsidered the practical cutoff.
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No. 1. The spectral characteristic of No. 2 phosphor's phosphorescence
does not contain the blue peaks but retains the green portion of the

curve, so that the color of this screen's persistence is approximately

the same as that for No. 1. The limitations of the spectrophotometer
system of measuring spectral intensitives gives a partial characteristic

for No. 5 phosphor. As shown in Fig. 5, the light energy emitted from

this screen increases towards the ultraviolet and very likely has a
peak in the ultraviolet although the glass transmits negligible energy
below 3200 angstrom units. This characteristic shape accounts for the
violet hue of No. 5 phosphor fluorescence. Its high energy in the violet
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Fig. 5-Spectral characteristics of No. 5 phosphor. This phosphor is used
in cathode-ray tubes where a high photographic efficiency is desired.
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end of the spectrum where the eye is very insensitive predicts a low
luminous efficiency rating for the screen. The utilization factor which
covers only the visible spectrum as calculated for the areas under the
two curves of Fig. 5 amounts to 0.2. However, if the values of rela-
tive energy in the ultraviolet were considered, in the utilization factor,
it would be actually far less. This statement is borne out by the fact
that the luminous efficiency of No. 5 is one tenth that of No. 2 phos-
phor. On the other hand, the candle power of this phosphor is of very
little importance since its ultra -violet emission is more useful for photo-
graphic work than its visible emission. If photographic utilization
factors for ordinary film were calculated it would be found that the
order of utilization would be reversed. No. 5 phosphor close to one, No.

2 next, and No. 1 least.
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Summary-This paper offers tentative definitions for many terms commonly
used in cathode-ray tube work. The terms defined are magnetic deflection sensitivity,
electrostatic deflection sensitivity, gun -current efficiency, electron gun, screen, screen
luminous efficiency, screen actinic efficiency, screen radiant efficiency, spectral char-
acteristic, relative radiant energy, color characteristic, visual spectral characteristic,
actinic spectral characteristic, persistence characteristic, relative brilliance, candle
power distribution characteristic, luminescence, phosphorescence, fluorescence
phosphor, defocus, spot distortion, pattern distortion, spot size, spot diameter, line
width, apparent spot size, apparent spot diameter, and apparent line width. The
methods of measurement of gun -current efficiency, screen luminous efficiency,
candle power, screen, actinic efficiency, screen radiant efficiency, spectral characteris-
tic, persistence characteristic, candle power distribution characteristic, spot size, spot
distortion, and pattern distortion are also included for clarifying purposes.

SINCE the advent of the cathode-ray tube in the industrial field
new terms or newly applied terms have been used, the definitions
of which have never been established. It is, therefore, the purpose

of this paper to offer some tentative definitions of the terms most com-
monly applied to the cathode-ray tube. In the preparation of these defi-
nitions the author has profited from the information gained from many
publications1-9 and from conversations with his associates in his com-
pany. Through the courtesy of the I.R.E. subcommittee on cathode-
ray tubes these definitions have been tentatively approved as not being
in conflict with their proposed standards.

DEFLECTION SENSITIVITY

In a cathode-ray tube, the deflection sensitivity is a very important
rating. It is expressed in two ways which depend upon the kind of field
used for deflecting the electron beam.

Magnetic Deflection Sensitivity. The magnetic deflection sensitivityof a cathode-ray tube is the ratio of the distance which the electron
beam moves across the screen to the change in the flux density produc-ing the motion. This sensitivity may be expressed in millimeters per
gauss, but due to the difficulty of determining flux density, it mayoften be more practical to express it in millimeters per ampere -turn ormerely millimeters per ampere. The sensitivity varies with different
forms and positions of the magnets; it is affected by the width of the

* Decimal classification: R030 X R388. Original manuscript received by theInstitute, July 25, 1935.
1 Numbers refer to Bibliography.
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magnet poles, the leakage flux, and the distance from the field axis to
the screen. It varies inversely as the square root of the beam voltage.

Electrostatic Deflection Sensitivity. The electrostatic deflection sensi-
tivity is the ratio of the distance which the electron beam moves across
the screen to the change in potential difference between the deflection
plates. This deflection sensitivity is usually expressed in millimeters
per volt. It varies with the deflection plate dimensions and positions
but since these factors are generally fixed by the construction of the
tube, they do not have to be considered in the tube sensitivity rating.
This sensitivity will vary inversely as the first power of the beam volt-
age.

EFFICIENCY

The cathode-ray tube's efficiency is rated in terms of gun and screen
efficiency. The electron gun comprises all the tube's electrodes which
contribute to the generation and focus of the electron stream, while
the screen is that portion of the tube where the electron beam produces
visible and near -visible radiation.

Gun -Current Efficiency. The electron gun is considered perfectly
efficient when all of the initial cathode current reaches the screen. In
other words, the gun -current efficiency of a cathode-ray tube is the
ratio of the beam current to the current which leaves the cathode.
Beam current is the current in the electron beam at the screen, and is
usually measured in microamperes. When both evaluations of current
are made in the same units, the efficiency is readily expressed in per
cent.

Screen Luminous Efficiency. The screen's efficiency can be ex-
pressed in many different forms. The most generally used rating is the
screen luminous efficiency, which is a measure of the screen's ability to
produce visible radiation from the electrical energy of the beam. Since
the lumen is a measure of the rate of passage of radiant energy evalu-
ated in luminous units, this efficiency should be measured in lumens per
watt. However, for the sake of ease in measurement, this is usually ex-
pressed in candle power per watt, as candle power is a measure of the
luminous flux per unit solid angle in a given direction and can be con-
verted to lumens whenever the candle power distribution characteristic
of the screen is known. When the cathode-ray tube is used for photo-
graphic purposes, however, the luminous efficiency rating of the screen
is not sufficient.

Screen Actinic Efficiency. The screen actinic efficiency is a measure
of the screen's ability to convert the electrical energy of the beam to
radiation which affects a certain photographic surface. This term
should be expressed in microwatts per watt but may often be expressed
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for ease of measurement in terms of actinic power per watt relative to
a well-known screen. Neither of the above efficiencies express the over-
all efficiency of the screen.

Screen Radiant Efficiency. The screen radiant efficiency is a measure
of the screen's ability to produce luminescence from the electrical en-
ergy of the beam. This is a measure of the total radiation produced at
the screen irrespective of the spectral sensitivity of the measuring de-
vice. This should be also expressed in microwatts per watt, but due
to the difficulties of making absolute measurements will be more often
expressed in radiant energy per watt relative to some well-known
screen. Since the screen efficiency of the cathode-ray tube varies with
the electrode and screen conditions, as well as the direction of utiliza-
tion, these factors should always be stated unless it can be assumed
that the measurement was made under optimum conditions.

CHARACTERISTICS

Since vacuum tube characteristics are familiar to anyone in the
radio field and since cathode-ray tube characteristics involving elec-
trode voltages hold closely to the forms used in vacuum tube data,
they are really self-explanatory. On the other hand, cathode-ray tube
characteristics which describe various functions of the screen alone are
relatively new.

Spectral Characteristic. The spectral characteristic of the cathode-
ray screen shows the relation between the radiant energy per element
of wavelength and each wavelength of the spectrum. It is generally
shown in a curve plotted with relative radiant energy against wave-
length in angstroms, microns, or millimicrons. Relative radiant energy
is expressed in arbitrary units of radiant energy. This characteristic
may be expressed in different ways, such as, color, visual spectral, and
photographic spectral characteristics.

Color Characteristic. When the spectral characteristic of the cathode-
ray tube screen covers only the part of the phosphor's total emission
spectrum which lies within the visible spectrum, this characteristic
will more accurately be called the color characteristic.

Visual Spectral Characteristic. The visual spectral characteristic 'of
the cathode-ray tube screen shows the relation between the luminous
energy per element of wavelength and each wavelength of the spec-
trum. It is generally shown in a curve plotted with relative luminous
energy against wavelength in angstroms, microns, or millimicrons.
Relative, luminous energy is obtained by multiplying the relative radiant
energy values for each wavelength from the screen's spectral charac-
teristic by the relative response of the eye at that wavelength.
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Actinic Spectral Characteristic. The actinic spectral characteristic
of a cathode-ray screen shows the relation between the energy per ele-

ment of wavelength which affects a certain photographic surface and

each wavelength of the spectrum. It is generally shown in a curve
plotted with relative actinic energy against wavelength in angstroms,

microns, or rnillimicrons. Relative actinic energy is obtained by multi-

plying the relative radiant energy values for each wavelength from

the screen's spectral characteristic by the relative sensitivity of a given

photographic surface at that wavelength. In the more comprehensive
data, the units are always the same for each screen's characteristic but

data are sometimes given with the maximum point on each curve at

the same energy level.
Persistence Characteristic. The persistence characteristic of the

cathode-ray screen is a relation showing the brilliance of light emitted

by the screen, as a function of the time after excitation. This character-

istic is generally shown in a curve where relative brilliance as the ordi-

nate is plotted on a logarithmic scale against time on a linear scale.

Relative brilliance is used to describe readings of luminous intensity per

unit area evaluated in arbitrary units. On account of the nature of the

persistence characteristic and its measurement, the brilliance of the
screen at the time of excitation is often given the arbitrary value of
100 on each curve; however, it is being more strongly
that these brilliance units should at least be identical for each charac-
teristic if not expressed in absolute units of candle power per square
millimeter.

Candle Power Distribution Characteristic. The candle power distri-
bution characteristic is a relation which when plotted is invariably
represented by a polar curve; this illustrates the luminous intensity
of the cathode-ray tube in a plane of the axis of the tube and with the
screen at the origin. This characteristic shows how the candle power
of the luminescent screen varies when viewed at different angles to the
screen. Unless the above characteristics are known not to vary with
change in electrode voltage and screen conditions, these details should
he recorded with each characteristic.

LUMINESCENCE

There are three terms which have long been used quite loosely and
interchangeably but have really definite and separate meanings of

their own. These are luminescence, fluorescence, and phosphorescence.
Luminescence. Luminescence covers all forms of visible and near -

visible radiation which depart widely from the black-body radiation
law. It can be divided according to the means of excitation into many
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classes such as candoluminescence-the luminescence of incandescent
solids; photoluminescence-the luminescence created by exposure to
radiation; chemiluminescence-the luminescence created by chemical
reactions; electroluminescence-the luminescence given off by ionized
gas; bioluminescence-the luminescence emitted by living organisms;
triboluminescence-luminescence created by the disruption of crystals;
crystalloluminescen ce-luminescence created by formation of crystals;
radioluminescence,-luminescence excited by emissions from radio-
active materials; galvanoluminescence-the luminescent phenomena
observed at electrodes during some electrolyses; cathodoluminescence
-the luminescence produced by the impact of electrons, etc. In cath-
ode-ray tubes we deal principally with cathodolifminescence, and
therefore, the luminescence of the screen refers to that radiation which
is produced by the electron beam. Luminescence may also be divided
into two classes according to its time of emission.

Fluorescence. Fluorescence is that luminescence emitted by the
phosphor during excitation, which in a cathode-ray tube refers to the
radiation emitted by the screen during the period of beam excita-tion.

Phosphorescence. Phosphorescence is the luminescence emitted after
excitation, and in a cathode-ray tube this is the radiation which per-

after the electron beam excitation ceased.
Phosphor. The solid material in the screen which produces lumines-

cence when excited is called the phosphor.

LUMINESCENT SPOT

When the focused electrons hit the cathode-ray screen, a lumines-cent spot is formed. A defocused beam will cause what is known asspot or pattern distortion.
Defocus. Defocus may be defined as any condition of the spot otherthan optimum with respect to size and shape.
Spot Distortion. Spot distortion is any condition of the spot other

than optimum with respect to shape, irrespective of size.
Pattern Distortion. When the electron beam is moved by changingfields a pattern is formed and the wave form of the spot movement willbe identical with the resultant wave forms of the electrical phenomenaproducing these fields unless there is pattern distortion present. Thisdistortion takes many forms such as amplitude, frequency, phase,brightness persistence, spot size, etc.
Spot Size. Spot size may be measured under various conditions, andis commonly designated by such names as spot diameter or line width.When the spot is stationary, its width can be measured in any direc-
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tion, but is usually determined by the width of the spot along its long-

est and shortest axes.
Spot Diameter. In the case of the undistorted spot, two designations

of spot size are not necessary, but the term spot diameter can only be

applied to a circular spot.
Line Width. In the pattern, spot size is usually referred to as line

width, or line width may be defined as the width of the moving spot
measured at right angles to the direction of motion. The above defini-

tions of spot size refer to the width of the spot regardless of the method

of measurement. It is true, however, that most cathode-ray lumines-

cent spots are not of uniform brilliance; usually the brilliance of the

spot decreases towards its edges.
Apparent Spot Size. Apparent Spot Diameter. When the spot size is

measured visually or from a photographic record, the resultant spot
size is not necessarily the true spot size and should be called the ap-
parent spot size or apparent spot diameter.

Apparent Line Width. The apparent line width, the visible or re-
corded width Of the moving spot, may be different from the apparent
spot size of the stationary spot because screen luminescence is de-

pendent upon the duration of excitation.

APPENDIX

On Methods of Measurement

Some of the suggested definitions may be made more clear by de-
scribing their method of measurement.

Gun -Current Efficiency. In cathode-ray tubes 'where the high
voltage electrode current is a measure of all the secondary emission
from the screen rather than primary electrons to this electrode, the

gun -current efficiency may be measured by the ratio of the high
voltage electrode current to the cathode current. In some cathode-ray
tubes where the greater part of the high voltage electrode current is
direct current from the cathode, other means of measuring this effi-

ciency will have to be employed.
Screen Luminous Efficiency. The luminous efficiency of the screen

is measured by determining the horizontal candle power of the cathode-

ray tube in the direction normal to the screen at a given high voltage

electrode potential and current, whose product may be used as a meas-
ure of the beam energy. There are several methods of measuring can-
dle power, the most important is that in which the inverse square law
of illumination is used.

Candle Power. The candle power of a cathode-ray tube is detei-
mined by measuring the illumination received in a normal direction
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from the scanned luminescent screen at a distance where the inverse
square law is known to hold. This may be done by means of any form
of photometer' "° or illuminometer." ," Since the luminescence from
cathode-ray screens has varied spectral characteristics which are far
different from that of the standard generally used, some form of hetero-
chromatic photometry' must be used. The most direct method is one
using the flicker photometer' ," for the measurement of illumination,
but one of equal accuracy and measurement ease is that using the color
filter" to correct the standard to the color of the luminescent screen.
The latter method requires an accurate method of determining the
transmission' of the filter employed for the measurements.

Screen Actinic Efficiency. The most direct method of measuring
screen actinic efficiency is to compare the density" produced on a
photographic surface by the luminescent screen excited by a certain
beam energy on the same surface with that produced by a standard
source of radiation." The standard must have the same actinic char-
acteristic as that of the cathode-ray screen. The difficulties of obtaining
a standard source of radiation, correcting it to have the same photo-
graphic spectral characteristic, and of taking the densitometer meas-
urements, make relative actinic power per watt measurements more
practical. This is done by comparing the beam energy required toproduce a given density on a given photographic surface with that re-quired by some well-known screen to produce the same density. These
density measurements are usually made at some low density and com-
pared by eye with the densities at juxtaposition, or by a simple form of
densitometer. Either of these methods must use identical optical con-ditions, for comparison between tube and standard and measurementsmust be taken in a definite direction and under cathode-ray tube con-ditions stated in the resultant efficiency.

Screen Radiant Efficiency. The screen radiant efficiency can bemeasured directly with a calibrated thermopile" or similar radiant
energy sensitive devicell of sufficient spectral response by utilizing theinverse square law of radiation. However, the more practical methoduses this radiant energy sensitive device merely for comparing differentscreens in relative radiant energy per watt units. This method requiresthat the measuring device not only cover the entire radiant-energyemission spectrum of all cathode-ray screens, but that it be uniformly
responsive throughout this range, unless the spectral characteristics ofboth the cathode-ray tube and measuring device are known accurately
and compensations in the calculations can be made. However, when thespectral characteristic of the cathode-ray tube screen is known, thearea under the spectral curve represents the total radiant energy
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emitted by the screen. Therefore, measurement of the areas under

spectral curves using identical units, either by graphical or mathe-

matical methods can be used as relative radiant energy values. Simi-

larly, the areas under visual and photographic spectral characteristic

curves drawn to the same units can be used as relative luminous energy

and relative actinic energy values, respectively.
Spectral Characteristic. The spectral characteristic of a cathode-ray

tube screen is taken by comparing the amount of radiant energy emit-

ted from the screen at each element of wavelength with that emitted

from a standard source of radiation. The spectra of both cathode-ray

screen and standard source are divided into spectral bands by means

of a spectrometer or monochroniator, and are compared in intensity

by means of some form of radiant energy sensitive device. When the

eye is used with a spectrophotometer" only the visible part of the

spectrum is measured; however, by means of a phototube or thermo-

pile, a wider spectral range can be covered. When it is desired that each

spectral characteristic use the same units, the apparatus must be set

up in exactly the same manner for each measurement and the beam

energy and screen scanning conditions must be identical. The standard

should be checked also to give the same energy level and distribution

before each test.
Color Characteristic. Visual Spectral Characteristic. Actinic Spectral

Characteristic. The color, visual spectral, and actinic spectral charac-

teristics are derived from the spectral characteristic as described in

their definitions. It is possible to take' such characteristics directly.

For example, the spectrograms of the cathode-ray.tube screen's emis-

sion may be compared to that of a standard radiation source by means

of a densitometer. However, such a method is so complicated and diffi-

cult as to make it rarely practical.
Persistence Characteristic. The persistence characteristic is taken by

the use of some form of stroboscopic apparatus' by means of which one

is able to measure the relative brilliance of the screen at definite times
after excitation. One method of accomplishing this involves the use of

a stroboscopic disk with a single rectangular aperture or slit geared to

a synchronous motor. The width of the slit and speed of the disk govern

the time interval which can be covered by a single measurement and

that covered by the entire test. Thus, if the slit is located four inches
from the center of the disk, the slit width is one sixteenth of an inch,

and the gear reduction is two to one from a motor whose speed is 1800

revolutions per minute, the slit width covers an interval of time equal
to 0.00017 second while the total time covered by the test can only equal

the time of a single rotation of one fifteenth of a second. When the field
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of the motor can be rotated with respect to the armature the phase or
position in time of the slit can be determined by the amount of this
rotation. Thus the number of degrees through which the 'field turns to
complete one revolution of the disk divided into the interval of time
covered by the disk's revolution represents the interval of time covered
by moving the field one degree. The cathode-ray tube screen is scanned
and the pattern synchronized so that the trace recurs once and only
once for every rotation of the disk. This can easily be accomplished by
a synchronized sweep -circuit voltage in one direction of deflection and
a spreading voltage equal to or a multiple of the sweep voltage in the
other direction. Now a persistence characteristic can be measured by
a brilliance determination at each field setting by means of a photome-
ter, or illuminometer, as often as there are slit -width intervals in time
of disk rotation, provided the field rotation is calibrated finely enough.
This method does not allow accurate measurements over a time greater
than one fifteenth of a second, since 'an objectionable flicker is obtainedfrom the luminescent spot when observed at intervals greater than one
fifteenth of a second. Therefore, another method utilizing a traveling
slit which follows the luminescent spot in its travel across the tube,
so as to obtain a continuous brilliance from the screen at all speeds
may be used. This is accomplished by utilizing an opaque film havingslits cut at distances equal to the travel of the luminescent spot on the
screen. Now the speed of the film and spot are synchronized mechan-ically by generating the voltage which sweeps the spot across the
screen from a potentiometer geared to the film pinions. The film speedcontrols the test interval and the phase difference is determined by acalibration of the potentiometer stator rotation. As in the spectral
measurements, if this characteristic is desired to be taken in identicalunits for each screen, then the apparatus and screen must be operatingunder the same conditions for each test.

Candle Power Distribution Characteristic. The candle power distri-bution characteristic measurement involves the same method ofmeasuring candle power as described above, except that in this deter-mination the illumination from the screen is measured not only in thenormal direction but at all angles to the screen. In this work thescanned area of the cathode-ray screen is made as small as possibleand placed in the exact center of the screen in order that the curvatureof the bulb might not give an erroneous value to the candle powermeasurement at right angles to the axis of the tube.
Spot Size. Spot Diameter. Line Width. The spot size, spot diameter,and line width for the cathode-ray screen may, best be measured by anoptical micrometer" which is calibrated in microns and has a linear
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magnification from one to twenty-five and a field of view of at least
two millimeters. Due to nonuniform brilliance in the luminous spot
the apparent spot size will vary somewhat with the magnification
power of the micrometer; therefore, for accurate comparison of data
this factor should be stated with the measurement results.

Spot Distortion. Spot distortion may be measured by determining
the amount that the spot size varies from symmetry by means of the
optical micrometer. This should be expressed in per cent distortion or
the ratio of the actual spot size in the given direction to that size which
the spot would have if it were symmetrical.

Pattern Distortion. Pattern distortion may be measured by many
different methods, the use of which depends upon the form of distor-
tion and applied wave form present. No matter what form of distortion
is measured, however, it should be stated in per cent distortion, or the
ratio of the actual condition of the pattern to the optimum condition.
For example, when the amplitude pattern distortion is measured, the
amplitude of the cathode-ray trace due to the applied voltage is meas-
ured in a given direction over each portion of the screen. Then the
amplitude distortion of the tube is determined by the percentage
change in amplitude response of the cathode-ray tube at each portion
with respect to its response with the trace in the center. Methods for
measuring all forms of pattern distortion have not been established,
but they will all follow the same general principle of measuring the
output of a cathode-ray screen as compared with that which is optimum
for the working condition.
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INTRODUCTION

IDESPREAD surface observations, taken at the same hour,
have long been the basis of synoptic meteorology. Modern
methods of weather analysis and forecasting require, in ad-

dition, synoptic data on the extent, motion, and characteristics of air
masses within which and between which the weather takes place. If a
complete synoptic picture is desired, vertical soundings up to four or
five kilometers must be made twice daily, or oftener, at stations sep-
arated by not more than a few hundred miles; at each station the de-
sired data include the direction and velocity of upper air winds, and
the vertical distribution of pressure (p), temperature (t), and relative
humidity (f). In some synoptic situations, and in many research prob-
lems, it may be desirable to extend observations far above the five -
kilometer level.'

Present sounding methods have definite limitations. Complete
pilot -balloon observations require clear weather and good visibility.
Sounding balloons, while independent of weather, are slow and unre-
liable. In levels below five kilometers airplane sounding, being more
rapid and far more certain, is usually preferable td balloon sounding.
But the airplane cannot operate safely in unfavorable weather, when
soundings are most urgently needed; and above five kilometers, which
is a practical ceiling for ordinary airplanes, free balloons are necessarily

used
Within recent years the application of radio technique to meteoro-

logical balloons has developed new sounding methods which may
largely transcend the limitations indicated above. In fair weather or
foul, radio transmission can convey instantly to the surface observing
station either the balloon's position, or the air characteristics being
en countered at any moment during its ascent, or both. In practice
either the simple pilot -balloon or the meteorograph-equipped sound-

* Decimal classification: R5t3. Original manuscript received by the Insti-
tute, December 10, 1934; revised manuscript received by the Institute, May
24, 1935. This paper is an abridged version of that published in Monthly Weather
Review, vol. 26, pp. 221 226; .1111y, (1934).

I Important military applications of radiomoteorography are the determina-
tion of ballistic wind and ballistic density for artillery use.
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ing balloon is combined with a small radio transmitter light enough
to be conveniently lifted by the balloon. In the case of a radio pilot-
balloon, the radio transmitter is excited either intermittently or con-
tinously during the ascent, while bearings are taken on it by one or
more directional radio receivers on the ground. In the case of the radio
sounding -balloon, the meteorograph continuously indicating p, t, and
f as the balloon ascends is caused so to vary some element of the radio
transmission, or to interrupt the transmission in such a way, that
nearly simultaneous records of p, t, and f during the ascent are con-
veryed to a receiver on the ground. A radio sounding -balloon can also
serve simultaneously as a radio pilot -balloon.

Fig. 1-Standard meteorograph principle.

HISTORICAL

Standard Meteorograph

The standard three -element metoerograph, recording p, t, and f as
simultaneous ordinates against time as abscissa, was available in com-
pleted form before research on the radiometeorograph began. lts basic
elements are shown in Fig.).. C is a cylinder revolved at a suitable rate
by clockwork; p is the pressure arm, activated through suitable levers
by either a sylphon vacuum chamber or a Bourdon vacuum tube; t
is the temperature arm, activated by a bimetallic strip; f is_ the relative
humidity arm, activated by a multiple strand of human hairs. One or
more elements of the standard meteorograph have been included in
every radio -sounding balloon.

2 A fairly complete bibliography on radiometeorography up to 1933 isgiven in a paper by the writer in the Monthly Weather Review, vol. 62, p. 221;July, (1934).
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Radio Design

Balloon radiometeorography became fully practicable when small,
efficient, short-wave transmitters were developed in the radio field.
Thereafter, radio design by the various investigators in telemeteorog-
raphy proceeded along similar and conventional lines. The most effi-
cient generator of stable electric oscillations, and hence of receivable
radio waves, is a single triode electronic tube connected to suitable
external induct.ance and capacitance, with or without electromechan-
ical .(crystal) stabilization of frequency.
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Fig. 2-011and telemeteorograph principle.

In order that appreciable amounts of radio -frequency energy may
be radiated toward the receiver, the oscillator is suitably coupled to an
antenna, which may be a single wire one-half wavelength long, with
the entire transmitter suspended at its center. Wavelengths so far used
for radio sounding -balloons have ranged from 20 to 150 meters (15,000

to 2000 kilocycles).

Telemeteorography

Outstanding among the pioneers of telemeteorography was 011and,
a Dutch instrument maker. About 1875 he invented a system for the
electrical indication of one or more meteorological elements. The same
principle is used today in modern radiometeorography (Fig. 2). It em-
bodies: (a) indicating arms, arranged on a common center, which
move radially in response to meteorological changes, one indicating
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arm serving for each meteorological element; (b) fixed reference marks
on a circle, between (or in some definite relation to) the indicating arms
and their limits of movement; (c) a revolving contact arm, pivoted con-
centrically with the indicating arms, and making electrical contact
with them and with the fixed reference marks in turn during its clock-
work -driven progress around the circle.

Another method was developed more recently by R. Bureau in
France. The principle of Bureau's apparatus is shown In Fig. 3. C-/ is
a cylinder formed partly of conducting material (C) and partly of in-
sulating material (I), and rotated by clockwork. M is an eccentric
cam, rotated at a much faster rate than C -I. A. is an arm indicating
temperature, pressure, etc., by the vertical position of its contact point
P. When P is over the conducting portion of the cylinder, dots are
transmittedlas the cam M makes and breaks contact. When the point
P is over the insulating portion of the cylinder, no dots are transmitted.

T. 05C
PLATE

Fig. 3-Bureau radiometeorograph principle.

The number of dots in a series therefore indicates the vertical position
of P, and hence the temperature, pressure, etc. The system is not
limited to the indication of one meteorological element; temperature,
pressure, etc., arms can be connected into the circuit in turn by switch-
ing cams. For temperature soundings this device gave an accuracy of
+ 0.7 degree between +20 and - 60 degrees centigrade.

A third method was developed by P. Duckert in Germany. Fig. 4
shows the principle used by Duckert for continuous indication of tem-
perature. The bimetallic strip T, by means of the lever connection A,
varies the capacity of the condenser C in the oscillating circuit, which
in turn varies the emitted frequency. A similar principle was used by
Blair in the United States.

Duckert used wavelengths between 30 and 60 meters. The accuracyof his apparatus was + 0.2 degree for temperature and ± 1.5 milli-
meters for pressure. In addition to the more practicable temperature -
varied condenser system, he devised a system of continuous tempera-
ture indication based on the fact that an oscillating crystal changes its
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frequency with temperature. In addition, he developed lightweight
transmitters and improved methods of thermal insulation, such as en-
closing the entire transmitter in a glass vacuum bulb. Duckert's latest
radiometeorograph is manufactured commercially by the Telefunken
Company in Germany.

The original method of 01land was applied to sounding balloons

by P. Moltchanoff in Russia and Germany. His radiometeorograph,

now manufactured commercially by Askaniawerke in Germany, is

shown in Fig. 2. This device keys the transmitter in such a way that

the time intervals between dots and dashes, which can be automatically
recorded, give indication of pressure, temperature, and relative hu-

midity in turn. In Fig. 2, p, t, and f are concentrically pivoted and

move radially, within the limits of their respective scales, in response to

pressure, temperature, and humidity. Separating the p, t, and f scales

are the fixed contacts ci and ca and the synchronizing contact S. p,

OSCILL4TING

CIRCUIT

Fig. 4-Duoltert temperature indicating principle.

t, f, c1, c2, and S are all electrically connected to the oscillator plate.

Concentrically pivoted with p, t, and f, but insulated from them, is

the contact arm C, rotated by clockwork at about two revolutions per
minute and electrically connected to B+. In the course of C's revolu-

tion, the platinum wire W contacts p, c2, f, S, t, and c1 in turn, trans-
mitting a dot for each contact except S, which results in a dash. The

time interval between a fixed contact such as c, and a movable contact

such as p indicates the pressure, etc., being encountered by the device

at the time. The entire radiometeorograph, which operates on wave-
lengths between 25 and 100 meters, weighs 1.4 kilograms. Reception
and evaluation are best accomplished by a standard facsimile receiver,
whose recording cylinder is synchronized with the contact arm C.
Curves having time (altitude) as abscissa and p, t, and f as ordinates are
thus directly recorded as the sounding is made.

In Finland Vaisala, in the course of radiometeorograph research,
devised some notably light batteries of lead -acid type. His four -volt,

15 -ampere -minute A battery weighed 38 grams; and his 72 -volt, one -

ampere -minute B battery weighed 72 grams.
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POSSIBILITIES OF IMPROVEMENT IN RADIOMETEOROGRAPHY

Direction of Future Development

Present models of the radiometeorograph give satisfactory per-
formance. Future development will probably be directed chiefly to-
ward lightness, simplicity, and low cost. For radiometeorographs
operating up to six kilometers altitude, the following weights are de-
sirable upper limits: Batteries and other power supply, 150 grams;
transmitter (including thermal insulation and antenna), 100 grams;
meteorograph and clockwork, 150 grams; balloon, 150 grams; total
weight, 550 grams. For radiometeorographs operating up to thirty
kilometers: Batteries, etc., 250 grams; transmitter, etc., 150 grams;
meteorograph, etc., 150 grams; balloon, 250 grams; total weight 800
grams. Simplicity is to be gained by standardizing the best and simplest
telemeteorograph system available, and by using the simplest radio
transmitter circuit that will give adequate performance (output and
frequency stability). Low cost can be obtained partly through this
simplification, and partly through manufacture of standardized unitsin fairly large quantities. A desirable upper limit of cost is twenty-five
dollars (exceeded at present) which would enable the radiometeoro-graph to compete economically with the sounding -airplane, even as-suming the loss of the balloon.

Possible Methods of p, t, etc., Indication
The possible ways in which meteorological changes can be trans-lated into intelligible radio indications are four in number, as follows:(a) By varying the intensity of the transmitted signal. Unsatis-factory, as the signal intensity at the receiver is also subject to un-desired and uncontrolled variation.
(b) By varying carrier frequency (bimetallic strip forming or me-chanically coupled to one plate of a condenser in the oscillating circuit,etc.). This system is used and advocated by Duckert, who stressesthe advantage of continuous temperature indication. At fairly uni-form rates of ascent, however, a smooth temperature curve can easilybe plotted from points intermittently recorded. Moreover, where thecarrier' frequency itself indicates the meteorological element, inor-dinate precautions are necessary to avoid slight undesired frequencychanges that would otherwise be negligible.
(c) By modulating the carrier frequency and varying the modula-tion frequency. Believed to be too uncertain, and too cumbersome fromthe viewpoint of weight and cost.
(d) By interrupting, or keying, a signal of reasonably constant
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amplitude and frequency, which may be either continuous wave or
tone -modulated. This system, as exemplified in the Bureau and Molt-
chanoff devices, is believed by the present writer, in view of the known
characteristics of radio apparatus and radio transmission, to be most
worthy of future development.

Improvement of Indicating Meteorographs

In the opinion of this writer, the telemeteorograph as invented in
1875 by 011and and adapted to radio sounding -balloons more recently
by Moltchanoff, has not been surpassed in simplicity and complete-
ness of working principle by any later development. It is light, rela-
tively simple, and permits the direct recording of practically continu-
ous p, t, and f curves against time or altitude. It is possible that some
better telemeteorographic principle will be invented. But as the 011and
principle is now amply satisfactory, it would appear more profitable
to concentrate immediate research in radiometeorography on other
subfields such as radio technic.

Radio Improvements-General
In this field much progress in the direction of lightness, simplicity,

and low cost remains to be made. It should come chiefly from radio
engineers interested in and conversant with modern
ventional radio apparatus, as so far applied to radiometeorography,
can be considerably improved. It appears to the present writer that
the most favorable short waves (five to twenty meters) have not been
used. Moreover, the field of ultra -short waves (one.to five meters) and
microwaves ( <one meter) has not even been touched.

Power Supply Improvements

Small lead -acid batteries of A and B types, as developed by Vaisala,
are probably near the ultimate in lightweight design. Dry -cell batteries
are more convenient to use, and would probably give satisfactory elec-
trical capacity in relation to weight. Dry cells which have been stored
for any length of time, however, are in uncertain condition, whereas
lead -acid batteries can be filled and charged before use. Also, the
constant -voltage characteristic of the lead -acid A battery is particu-
larly suitable for electronic filament operation. Most batteries are
affected by low temperature. Below about - 20 degrees centigrade, or-
dinary dry cells become practically inoperative. Thermal insulation
is therefore mandatory. As a substitute for the l3 battery, the buzzer
transformer is worthy of careful consideration, particularly as its pro-
duces a relatively broad, tone -modulated signal which is easily re-
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delved. Its performance, however, depends on the adjustment of its
vibrating contact, which may change considerably in response to large
temperature changes. Enclosure of the contact or the entire device in
a glass vacuum bulb, which might also enclose the entire transmitter,
would be worth considering.

Improvements in Ordinary Short -Wave Technique (X > 5 Meters).
In contrast to the 20- to 150 -meter spectrum so far used in radio-

meteorography, wavelengths below fifteen meters have three advan-
tages: (a) Effective transmitting antennas are smaller and lighter; (b)
oscillator circuit arrangements are smaller, lighter, and often simpler;
(c) the five- to fifteen -meter region is removed from the high power
interference which blankets the long -rage wavelengths above fifteen
meters:

Receivers

Receivers for five to fifteen meters are of conventional design, some-
what refined, and can easily be combined with recording devices. More-
over, it is possible to use loop aerials for tracking radio pilot -balloons
at wavelengths down to five meters. Whether these shorter waves
would suffer greater directional vagaries than longer waves, will have
to be determined by experiment.

Transmitters

Before optimum transmitter design in radiometeorography is
reached, one important question must be answered: Is crystal fre-
quency stabilization necessary, or desirable? The crystal does insure
better frequency stability. But it also entails slightly greater weight
and complexity, and considerably greater cost. Using tone -modulated
waves, as produced by buzzer -transformer plate supply, self -stabilized
circuits will certainly suffice, and with correct circuit design and ade-
quate thermal insulation, they may suffice for continuous waves. The
tuned-plate-tuned-grid circuit, or the simpler tuned -plate variation
of it, is inherently more stable than the ordinary Hartley circuits so far
used in radiometeorography. With suitable thermal insulation, it
might give frequency stability adequate for all practical purposes. In
addition, simple and cheap methods of frequency stabilization, such
as the resistance -stabilized oscillator of Kusunose and Ishikawa, are
available.

Antennas
So far most investigators have used a half -wave dipole antenna,

the upper end being tied to the balloon, the transmitter being con-
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netted in the middle (current feed), and the lower end hanging free.

A more stable arrangement, from the viewpoint of swinging, etc., in

shifting air currents, might be hanging the transmitter (perhaps

equipped with damping vanes of light pasteboard) at the lower end of
the half -wave dipole, which in this case would be voltage -fed.

Use of Ultra -Short Waves and Microwaves (X <5 meters)

This entire field, entirely unexplored so far as meteorography is
concerned, shows considerable promise in certain directions. According
to Beverage, Peterson, and Hansell wave propagation in this region is

in general optical with considerable diffraction at the higher wave-
lengths, becoming strictly optical at about X one meter. In balloon
radiometeorography this optical characteristic is no disadvantage, as
there will always be a direct air path between a normally rising bal-

loon and a properly located ground station.

Receivers

Receivers for this wavelength region are highly specialized, being

mostly of superregenerative and superheterodyne types. They can
easily be adapted to radiometeorographic indication and recording.

For radio tracking of pilot-balloons, several possibilities appear. The

half -wave dipole, giving a minimum signal when the transmitter is on

a line with it, is compact and easily movable at wavelengths below

ten meters. Antenna array or "beam" systems, as developed by Yagi

and others become reasonably small and wieldy at about X one to two
meters, and have distinct direction finding possibilities. Finally, in the
microwave region below X 0.2 meter, solid reflectors (and even lenses)

of optical type are feasible, offering some interesting possibilities in
three-dimensional direction finding.

Transmitters
In the ultra -short wave and microwave regions several types of

transmitters are available, though probably not all suited to radio-
meteorography. The magnetron oscillator, which reaches very short
wavelengths, is definitely too heavy. The Barkhausen-Kurz oscillator
circuit, also capable of producing microwaves, requires relatively high
grid and, plate voltages; whether the requisite power supply could be
made light enough is questionable. Regenerative oscillators, which
operate at low plate voltage, are limited to wavelengths above two
meters when ordinary electronic tubes are used.

Very small electronic tubes have recently been developed by
Thompson and Rose. These tubes enable the regenerative oscillator
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to reach wavelengths less than one meter and may permit other circuit
developments of importance in radiometeorography.

PROBABLE FUTURE USEFULNESS OF RADIO BALLOONS

Classification of Types

Radio balloons will naturally be grouped into two types, pilot -bal-
loons and sounding -balloons, as they are used (a) to determine upper-
air motion or (b) to determine upper -air characteristics. In addition,
the writer envisions pilot -balloons and sounding -balloons of two gen-
eral classes: (1) low altitude (up to six kilometers) and (2) high altitude
(up to thirty kilometers). These two classes may be exactly similar in
principle, but must differ in certain details such as power of radio
equipment, thermal insulation, scale of meteorographic instruments,
etc.

Radio Pilot-Ballons

Any radio sounding -balloon can, of course, serve simultaneously
as an ordinary pilot -balloon in clear weather; or as a radio pilot -bal-
loon in poor visibility, provided that adequate direction finding re-
ceivers are available on the ground. It is possible that, due to wave
transmission characteristics, radio pilot -balloons will develop along
separate lines, using a frequency spectrum widely different from that
suited to radio sounding. It is also possible, however, that the same
frequency range may serve for both sounding and tracking; in which
case one might envision a combined radiometeorographic instrument
of either low altitude or high altitude type, which could be used com-
plete for sounding with or without tracking, or used for tracking onlywithout its detachable meteorographic unit. In any case, it is clear
that for upper -wind determination in poor visibility the radio pilot -balloon has no practical competitors, and its use is clearly indicated
under these conditions.

Radio Sounding -Balloons

Subdivided into probable low altitude and high altitude classes.
Low Altitude Class (Up to Six Kilometers)
This class competes with airplane sounding, which is already satis-

factory, getting the data back with certainty for evaluation one or twohours after they are taken. In weather dangerous to flying, which isoften the form of weather most deserving of investigation by sound-ings, the radio balloon is markedly superior to the airplane, and its useis indicated even at present cost levels. Even in fair weather, the radio
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balloon gets the data back more quickly than the airplane, and may,
with standardization and mass production, prove superior from a cost
viewpoint, particularly in settled regions where the percentage of re-
turned balloons is reasonably high.

High Altitude Class (Up to Thirty Kilometers)

This class competes with the ordinary sounding-balloon, and should
practically supplant the latter in most investigations. The radio de-
velopment is incomparably quicker, the data being evaluated as they
are taken rather than days or weeks later. Moreover, the radio balloon

is far more certain, particularly in sparsely settled regions where the
balloon may never be recovered. The balloon radio installation need
add but very little to the total high altitude sounding -balloon cost, and
the ground radio installation should be more than justified by vastly
superior results, particularly where many soundings are made from
a single fixed or mobile station.

Need for Standardization

All radiometeorographic possibilities should be explored, as rapidly
as possible, in order to determine : (a) optimum frequency (wavelength)
ranges for various types of radiometeorographs; (b) optimum appa-
ratus design for most efficient use of these frequencies. Considering past
and present trends in the development of both meteorographic and
radio technique, it seems probable that such optimum design, once
reached in the present state of the art, will remain reasonably efficient
for some years. This will permit the standardization and large-scale
production which alone can make the full benefits of radiometeorog-
raphy available to modern meteorology.
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ECLIPSE EFFECTS IN THE IONOSPHERE*

BY

J. P. SCHAFER AND W. M. GOODALL
(Bell Telephone Laboratories, Inc., Deal, New Jersey)

Summary-It is concluded from measurements of virtual heights and critical
ionization frequencies of the various regions of the ionosphere which were made dur-
ing two solar eclipses at Deal, New Jersey, that ultra -violet light is an important
ionizing agency in the E, M, F1, and F2 regions.

ASa result of pulse measurements made at Deal, New Jersey, dur-
ing the partial eclipse of the sun February 3, 1935,1 and during
the total eclipse of the sun of August 31, 1932,2 we now have data

which show that the passage of the moon's shadow across the earth is
accompanied by a decrease in ionization in four of the ionized regions
of the ionosphere (E, M, Fl and F2).3

During the 1932 eclipse the ionic density in the E and F, regions
was found to decrease, with the maximum effect occurring shortly
after the eclipse maximum. Since the ionization in these two regions
ordinarily changes uniformly with time, and since the variations ob-
served during the eclipse'were much larger than normal variations, we
believe that the decrease in ionic density was actually caused by the
eclipse. As regards the changes observed in the F2 region, our 1932
results were not conclusive because the maximum effect in this region
did not coincide with the eclipse but occurred somewhat later. The
ionic density in this region is known to fluctuate on at least some non -
eclipse days and did in fact undergo comparable variations on several
occasions during the two days preceding and the two days following
the eclipse. Other observers have reached the same conclusions as re-
gards the F2 region during the 1932 eclipse from thier own data.4

The data from which our conclusions were drawn are shown in
Fig. 1.

* Decimal classification: R113.61 X R113.55. Original manuscript receivedby the Institute, April 19, 1935. Presented before joint meeting, I.R.E.-U R.S.I., Washington, D.C., April 26, 1935.
Letter to Nature, vol. 135, p. 393; March 9, (1935).

2 Mention has already been made of the results of our 1932 eclipse experi-ments in the following publications:
Science, November 11, (1932); Proc. Fifth Pacific Science Congress, vol. 3,pp. 2171-2179, (1934); Nature, September 30, (1933); Bell Lab. Record, March,(1935).
The data have never been published and we are therefore including some ofof it in this paper as it may be of interest to other investigators in this field.3 M refers to the intermediate region between E and F1.4 Kirby, Berkner, Gilliland, and Norton, PRoc. I.R.E., vol. 22, p. 246-265;February, (1934); Henderson, Canadian Jour. Res., January, (1933).
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The double maximum in virtual height with a minimum between
for 2398 and 3492.5 kilocycles' is interpreted by us to have been
caused by a decrease in ionic density in the F1 region, which resulted in

a change in reflection from the F1 to the F2 layer during the central

part of the eclipse.
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Fig. 1-Virtual height values during the total
eclipse of August 31, 1932.

From the curves of Fig. 1, it is possible to plot the virtual height
contour map shown in Fig. 2. Since we know as a result of data taken
on several hundred days that the X -component curve in Fig. 1 for
4797.5 kilocycles is nearly equivalent to the 0 -component' curve for a
frequency approximately 750 kilocycles lower (i.e., 4050 kilocycles),
there are in- effect 0 -component curves for four different frequencies

5 Mimmo and Wang, PROC. I.R.E., vol. 21, pp. 529-545; April, (1933), and
Kenrick and Pickard, PROC. I.R.E., vol. 21, pp. 546-566; April, (1933), ob-
tained similar double maximum curves.

6 The expressions "0 -component" and "X -component" are used in place of
the terms "ordinary ray" and "extraordinary ray" used by other writers.
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available for plotting the contour map. The dotted lines represent re-
gions of maximum ionization. These curves show in a rather striking
manner the sharp decrease in ionization of the E and F1 regions near
the time of the eclipse maximum.

The uncertainty of the 1932 results as regards the F2 region led us
to concentrate our efforts on this region during the 1935 eclipse. Im-
proved technique now made it possible to measure the critical ioniza-
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Fig. 2-Virtual height contour map drawn from
data for Fig. 1, for August 31, 1932.
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tion frequencies directly instead of making virtual height measure-
ments on fixed frequencies as had been done during the 1932 eclipse.
The critical frequencies for the E and M regions were measured in addi-
tion to those for the F2 region.

We found that this eclipse was accompanied by a decrease in the
maximum ionic density in all three regions and that the minimum ioni-
zation occurred at or very shortly after the eclipse maximum. The
percentage decrease was progressively greater from the lowest to the
highest region, being approximately twenty per cent for the E region,
twenty-two per cent for the M region, and twenty-five per cent forthe F2 region.
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Some -such progressive change might be expected from the fact that
the eclipse had a magnitude of forty per cent at the ground and ap-
proximately forty-three per cent in the F2 region (250 kilometers over
Deal). These magnitudes are in terms of the sun's diameter, and on
the basis of eclipsed area these figures become twenty-nine and thirty-
one per cent, respectively.

Fig. 3 gives the critical ionization frequencies for the three days on
which data were obtained. The curves for the E and M regions are for
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Fig. 3-Critical ionization frequencies during the partial
eclipse of February 3, 1935.

the 0 -component while the curves for the F2 region are for the X:
component. For the 0 -component, the ionic density, N, is proportional
to P, where f0 is the critical ionization frequency, while for the X -
component curve in Fig. 3, N, is proportional to (f0-750 kc).2

The decreases in ionic density of the various regions may be com-
pared with a fifty to sixty per cent decrease in the E region ionization
during the eclipse of August 31, 1932, when the eclipse magnitude was
ninety-five to one -hundred per cent.

The 1935 measurements give a more definite synchronism than
those of 1932, between the eclipse occurrence and the time of decrease
in ionic density of the F2 region.

In view of the variable nature of the F2 region, it is a possibility
that the decrease in ionic density at the time of the eclipse was a mere
coincidence and was actually due to some noneclipse agency. We be -

2



1360 Schafer and Goodall: Eclipse Effects in the Ionosphere

lieve that this was not the case and that the decrease in F2 ionization
was a bona fide eclipse effect, as the decrease began within a few min-
utes after the first contact, the density attained its lowest value shortly
after the maximum of the eclipse and recovered to a more or less con-
stant higher value a few minutes after the last contact. At no time
during these measurements on the eclipse day or the days after was
there any other variation of a comparable magnitude.

These results, therefore, indicate that ultraviolet light' is an im-
portant ionizing agency in the E, M, F1 and F2 regions of the iono-
sphere.

7 While ultraviolet light is probably the ionizing agency responsible for the
effects noted, any other solar emanation which travels substantially at the
velocity of light, should not be precluded from consideration. See E. A. W.
Muller, Nature, February 2, 1935, who suggests Roentgen type radiation.
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ON THE CORRELATION OF RADIO TRANSMISSION
WITH SOLAR PHENOMENA*

BY

A. M. SKELLETT
(Bell Telephone Laboratories, Inc., New York City)

Summary-A daily character figure for radio transmission is obtained from

the data of the short-wave transatlantic telephone circuits of the American Telephone
and Telegraph Company which shows a positive correlation with character figures
of terrestrial magnetism and earth currents. Charts of these new radio character
figures show the twenty -seven-day recurrence tendency and are similar in general
appearance to such charts of terrestrial magnetism and earth currents.

A method of prediction, based on the twenty -seven-day recurrence tendency is
discussed. Such data as are available at present indicate that long-range predictions
based on the eleven -year solar cycle will prove fairly reliable.

Attempts to link particular solar disturbances with the individual radio dis-
turbances of several sequences of twenty-seven-day intervals were not very successful.

It is indicated that the most promising line of investigation for further study is a

more continuous watch for sudden activity of solar disturbances.

SHORT-WAVE RADIO CHARACTER FIGURE

T APPEARS that, in order to secure a character figure for short-
wave radio transmission, which is representative for the day, data
must be taken over the whole twenty-four hours. Since the New

York -London short-wave telephone circuits are in practically contin-
ual use, suitable data may be obtained from them.

It has been found that the field strengths of the received signals
taken at regular intervals do not furnish the best indication of the over-
all character of the day. If, however, the ratio of uncommercial time to
total time, or the percentage of time lost to traffic is taken, a fairly
good daily character figure is obtained.

In order to facilitate the plotting of these figures in chart form they

were reduced to four classifications or group indexes. The following
table gives the relation of these character figures (T) and the group
indexes (T1).

Ti
Classification

T*
Per Cent Time Uncommercial

0
1
2
3

0-24
25-49
50-74
75-100

* Since the letter R is used for relative sunspot numbers, T is here used for the radio character
figure designation.

* Decimal classification: R113.5. Original manuscript received by the Institute
April 25, 1935; revised manuscript received by the Institute, August 22, 1935.
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Fig. 1 shows these group indexes arranged to bring out the twenty-
seven -day recurrence tendency. This is demonstrated by the apparent
bunching of the spots into more or less vertical columns. Terrestrial
magnetic and earth current data' are shown alongside in similar form

for comparison.
The twenty -seven-day recurrence tendency is somewhat better

demonstrated on the radio chart of Fig. 2. This is because the radio
character figures (T) have been arbitrarily altered in a manner which
places greater emphasis on minor disturbances when they occur during
a period for which the average disturbance is of minor character. This
was done as follows: Starting with the daily uncommercial percentage
figures an average for each month was taken. The figure T2 for each
day of that month was then determined on the strength of its deviation
from this average. Thus for days on which the percentage of time lost
was less than the average T2 = O. If it fell between the average and
1+ / times the average T2 =1, between 1+ / and twice the average
T2 = 2 and above twice T2 = 3. This resulting group index T2 (used in
Fig. 2) corresponds more closely than does T1 to the magnetic char-
acter figures from which the international character figure C is derived.
(C is the world average of the character figures from the individual
magnetic observations.)

PREDICTIONS

In all of the charts of Figs. 1 and 2, the twenty-seven-day recur-
rence tendency is well enough marked so that ,useful predictions of
future behavior may be made. For instance, if such a chart is kept up
to date, predictions may be made by inspection for any day not more
than twenty-seven days distant. Some idea of the probable accuracy
may also be obtained from the chart by noting whether the day in ques-
tion falls, for instance, in the middle of a major sequence or on the
ragged edge of a poorly defined one. Such probable accuracy is ex-
pressed by modification of the prediction with the words "probably"
and "possibly."

Predictions based on the charts of Fig. 1 will give the better fore-
cast of the absolute magnitude of the activity while those based on the
charts of Fig. 2 may be expected to give a more accurate idea of the
relative magnitude of one day with respect to its neighbors. These
two properties could, of course, be obtained from one chart of the
type of Fig. 1 if the number of group indexes were so greatly increased
as to show all minor variations.

1 The writer is indebted to Dr. G. C. Southworth for the earth current data
of 1930 and 1931.
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The correlation between the different phenomena is good enough
so that predictions of activity of one nature may be made from the
chart of another type of activity. For instance it would be possible to
predict the radio behavior from the magnetic chart alone.2 This
method has been found to be of the same order of accuracy as that using
the radio chart alone. The reason for this is not, obviously, that the

RADIO CHARACTER MAGNETIC CHARACTER
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Fig. 2-Relative day-to-day record of short-wave radio transmission over theNorth Atlantic Ocean, and terrestrial magnetism activity for 1930, 1931,
and 1932, demonstrating the twenty -seven-day recurrence tendency. Thedot size corresponds to the magnetic character figure as determined atTucson, Arizona, and to the relative severity of disturbance of the radiotransmission.

correlation for the radio and magnetic data .is perfect but probably
that the radio data as they are obtained at present are subject to
greater inaccuracy than the magnetic and such inaccuracy apparently
just about compensates for the imperfect correlation between the two
phenomena.

In order to determine which type of data may be expected to prove
the more useful in making predictions of radio behavior the correlation
coefficients between magnetic and radio and earth current and radio
data were determined. These are given below.

2 Such predictions have been made by R. M. Morris and W. A. R. Brown,PRoc. I. R. E., vol. 21, 1, pp. 63-80; January, (1933).
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Year *Magnetic -Radio Earth Current -Radio

1930 (first half) +0.66 ± 0.03 +0.76 ± 0.02
1930 (whole year) +0.63 ± 0.02 +0.67 ± 0.02
1931 +0.30 ± 0.03 +0.44 ± 0.03
1932 +0.44 ± 0.03 +0.46 ± 0.03
Average +0.46± 0.03 +3.52 ± 0.03

 These correlation coefficients are for magnetic activity with severity of radio disturbance and of
earth current activity with severity of radio disturbance. They are thus positive.

These coefficients indicate that predictions based on earth current
measurements should prove the more accurate. Whether this is true
can only be determined, however, by a more comprehensive and de-
tailed study of the data. They also indicate that the correlation is best
when the radio disturbances are greatest, which is, fortunately, also
the time when predictions are needed the most.

Daily predictions of the behavior of the radio circuits from either
the radio or magnetic chart have been correct sixty-two per cent of the
time. Similar predictions of the magnetic data from the magnetic chart
have been correct seventy-one per cent of the time. These figures have
been determined solely on the basis of disturbed or undisturbed days
and modification of the forecasts by the words "probably" and "possi-

bly" have not been taken into account.
This method of making predictions, even in its present state, is of

definite use commercially. Special forecasts of the same nature have
proven useful in planning certain experimental studies. Among the
latter were those made for the magnetic and radio behavior during
the solar eclipse3 of August, 1932, and the Leonid meteor shower.' of
November 16, 1932.

TERRESTRIAL -SOLAR CORRELATION

The solar data for correlation purposes were obtained mainly from

the spectrohelioscopic observations made at Deal, New Jersey. They
were supplemented by data published by the observatories men-
tioned below.

The solar phenomena studied included: (1) sunspots, (2) promi-
nences, and (3) bright and dark hydrogen flocculi. Sunspots are the

dark spots which appear on the white solar surface as viewed by an
ordinary telescope. The other phenomena could only be seen with the
spectrohelioscope. Prominences are the red flaming clouds of gas
which project out from the edge or "limb" of the sun and flocculi are
bright and dark clouds which appear on the surface of the sun when
viewed by the light of the hydrogen line Ha. A flocculus often becomes

a prominence when the solar rotation carries it to the limb.

A. M. Skellett, Science, vol. 76, p. 169; August 19, (1932).
4 A. M. Skellett, Science, vol. 76, p. 434; November 11, (1932).
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Well-defined sequences of activity of approximately twenty-seven-
day periods are apparent in both the solar (see below) and terrestrial
(Figs. 1 and 2) data. An attempt to link these two phenomena to-
gether in a cause -and -effect relationship was not, however, very suc-
cessful. For several well -marked radio (and magnetic) sequences it
was found that no single type of solar activity could be identified in
such a manner as to exhibit a clear-cut relationship. For some of the
sequences there was some form of solar activity near the center of the
sun at the time of each radio disturbance but such activity varied be-
tween recurrences in heliographic latitude and longitude and in kind
(bright and dark hydrogen flocculi, activity of these as shown by radi-
al velocities and rapid motions, and sunspots).

A similar indefinite result was found by starting with the solar ob-
servations. For instance an area on the sun approximately in helio-
graphic latitude of +10 degrees and longitude of 315 to 329 degrees
exhibited the presence of either hydrogen flocculi, prominences, or sun-
spots or combinations of these on each transit across the face of the sun
from October 21, 1932, to February 9, 1933, a total of five transits.
Sunspots appeared in this region on the last four transits and their
identity over this period of time was noted at Mt. Wilson Observa-
tory.5 From a spectroheliogram taken at the Solar Physics Observatory
at Cambridge, England, on December 12, 1932, C. P. deter-
mined that this disturbance extended over a great area some thirty
degrees in diameter. Although the times of central meridian crossing
of this area fall within a well-defined sequence on the radio chart (be-
tween days 6 and 9 on the left at the bottom of Fig. 2) the absence of
activity on this solar area for earlier recurrences of the radio sequence
tends to vitiate the relationship between radio disturbances and those
types of solar activity which were observed. Nevertheless, the reality
of the twenty -seven-day period in radio is strong indication that solar
activity is responsible, even though not convincingly identified in
detail.

If the relationship is not simple and clear cut, the statistical method
of correlation must be resorted to. A few years' data are not adequate
for such a study but from them it was attempted to obtain at least an
indication of the results to be expected from a larger amount of data.

For the period from June 4, 1931 to January 6, 1933 there were
sixty days for which the radio character figure T2 was three (severely
disturbed). For twenty of these days cloudy weather prevented ob-,

5 Publications of the Astronomical Society of the Pacific, vol. 45, p. 53; Feb-ruary, (1933).
6 Monthly Notices Royal Astronomical Society, vol. 93, p. 174; January,(1933).
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servation. For each of the remaining forty days? there was a disturbed
region on the sun and for all but three this active region was within
thirty degrees of the center of the sun's disk. For each of the three ex-
ceptions this disturbed region, though not near the center, was a large
one. However, cases are recorded of such active solar areas passing the
central meridian of the sun without a terrestrial disturbance of ap-
preciable magnitude taking place within five days. As far as such statis-
tical data go, we might assume that the presence of an area whose
activity may be seen with a spectrohelioscope is a necessary though not

a sufficient condition for a radio disturbance of character figure T2 = 3.

On the other hand the foregoing discussion on the basis of the twenty-

seven -day period suggests that detection of a disturbed area has not

even been a necessary condition though it might be if the observations

were made continuously.
A study of the solar distribution of flocculi and spots on terrestri-

ally disturbed and quiet days shows a maximum and minimum, re-
spectively, about thirteen degrees west of the center (one day past);
see Fig. 3.8 These curves are interpreted as indicating that the most
probable position of flocculi and spots on disturbed days is thirteen
degrees west of the center of the solar disk and that on quiet days it is

other than in this region. The one-day interval from the center is inter-

preted as the time taken for the propagation of the disturbance from

the sun to the earth. Probably it should be noted here that the positions

taken from the spectrohelioscopic data were made with the aid of a

measuring device used visually at the instrument and are not likely

to have as great an accuracy as similar measurements made on spectro-

heliograms. These measurements are accurate enough, however, to
justify confidence in the reality of the shape of the curves referred to

above.
A number of groups of days was selected with respect to solar dis-

turbance or lack thereof. The percentages of selected days falling into

the three classes determined by radio character-severely disturbed,

moderately disturbed, and quiet-were compared with the average
distribution of all days falling into these classes. A positive correlation

was found for the severely disturbed days (T2 = 3) for both the solarly

active selection and the solarly quiet selection of days (actually a

negative correlation here) but not generally for the moderately dis-

turbed (T2 = 2 or 1) and quiet (T2 = 0) days. The same study for the

magnetic data gave a positive correlation throughout for the solarly

active days.
On six of these days there were no spots visible on the sun.

8 The curves of Fig. 3 are corrected for foreshortening. The uncorrected
curves show the same general characteristics as to the dip referred to above.
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Similar studies were made of the radio data for the presence of
flocculi exhibiting radial velocities. These are generally short-lived
phenomena and most such occurrences must necessarily be missed
since the sun is actually under observation for only a small per cent
of the time. The data in this case were very meager but gave a positive
correlation.

DISTURBED DAYS

-, -,\
\ , ,'
\ "' ..'N`-' ` ),

EAST
LIMB

B

0

CENTRAL
MERIDIAN

WEST
LIMB

QUIET DAYS

---- SUN SPOTS
DARK FLOCCULI (H)
BRIGHT FLOCCULI (H)

.EAST CENTRAL WESTLIMB MERIDIAN LIMB

Fig. 3-Distribution across the solar disk of solar phenomena on terrestriallydisturbed and quiet days.

This study was continued for days on which flocculi with radial
velocities were observed near the center of the sun. These gave the
best correlation of all, though here the number of days was so few
(actually only thirteen) as to place little faith in the result. It is men-
tioned here, however, because it supports the idea that, could the solar
disk be watched continuously on a world-wide program of observation,
as Hale9 has suggested, to record all solar outbursts and so to increase

9 Astrophys. Jour. vol. 73, p. 408, (1931).
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the completeness of the solar data until it approaches that of the ter-
restrial data, it seems likely that considerably more success might be
obtained in determining the solar -terrestrial relationships.

It is of interest to record the data for the most severe radio dis-
turbance and magnetic storm (May 29, 1932) experienced during this
period. They occurred during the passage across the face of the sun of
one of the most active solar regions observed. The largest radial veloc-

ity that has been measured since observations were begun was ex-
hibited by a mass of gas in this region. The magnetic storm was ac-
companied by an aurora visible as far south as Mexico. The gases over

this solar region exhibited extreme turbulence on the face of the sun
and when it had reached the western limit an enormous prominence of
great brilliancy and activity was seen to blow off into space. It was
over 100,000 miles in length and completely disappeared within an

hour.
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HIGH POWER OUTPHASING MODULATION*

BY

H. CHIREIX
(Societe Frangaise Radio-glectrique, Paris, France)

S S LONG as the power of broadcast stations was not over a
maximum of some tens of kilowatts, the operating expenses as
far as power supply and tubes are concerned remained small

in comparison with the total expenses (first cost of plant, artists, copy-
right charges, staff, etc.). However the situation rapidly changed when
the power on carrier-wave operation came to exceed 100 kilowatts,'
and when the same program was to be relayed simultaneously by sev-
eral stations.

In fact, it is possible to state that at the present time, the power
supply and the high power tube expenses already represent the greatest
part of the operating cost of the larger stations and that this situation
will certainly continue to develop along these lines.

It is therefore important to design stations in which, for a given
power output, the power required for tube operation will be a mini-
mum and one in which the over-all efficiency will be as high as pos-
sible.

The modulation system hereinafter described and called "out-
phasing modulation" (a system in operation in several high power
stations, with as much as 150 kilowatts in the antenna) entirely meets
this double condition. From the operating point of view, and without
impairing the quality which above all a broadcast station must have,
it confers economic advantages that no other system at the present
time can pretend to possess.

STANDARD MODULATION SYSTEMS AND PRINCIPLES
OF THE NEW METHOD

All the present modulation systems can be classified in two cate-
gories: either the anode voltage of the high -frequency power stage is
controlled by means of a low -frequency amplifier of suitable power in
such a manner as to vary the output of this stage, or, the anode voltage
remaining constant, the output power is controlled by an action on the
grids of the high -frequency power amplifier.

* Decimal classification: R410. Original manuscript received by the In-stitute, January 8, 1935; translation received by the Institute, March 8, 1935.1 In Russia and in the United States notably, there are in operation stationsusing 500 kilowatts in the carrier wave which the present state of the art permitsto be easily attained.
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Chireix: High Power Outphasing Modulation 1371

In the first case the efficiency of the power stage remains high and
its tubes always work under excellent conditions but the low -fre-
quency amplifier must be able to supply a considerable power (half the
power applied to the power stage) thus requiring an important sup-
plementary tube installation and a more or less considerable supple-
mentary power expense.'

In the second case, the complication of the low -frequency high -

power amplifier is avoided and the power consumed in tube operation
is kept down to the instantaneous power required, but the efficiency of
the power stage on carrier wave only reaches half the maximum
efficiency.

Consequently, for various reasons, the systems derived from these

two categories cannot solve the stated problem.
However there is another possibility as to modulation. This is to

control the load (without any supplementary power expense) within

wide limits, under constant grid excit at ion and constant anode volt-

age; that. is to say, to control the load 1.111 pe'daner of the output circuit

during the modulation cycle.
In fact., when a tube with a high negative bias is strongly excited

(class C operation) the total apparent power is obtained under good

conditions of efficiency (for instance 75 per cent) and the real efficiency

in real power is the preceding efficiency figure multiplied by the power

factor of the output circuit. Therefore, if the latter always remains
around one when the load impedance varies, it will be possible to keep

a high efficiency for the system during the modulation cycle while at

the same time the tube will supply a useful power.which will vary from

nil to the maximum power that the tube is able to supply.

This principle of operation could be realized in practice by coupling,

for example, the antenna circuit to the output circuit of the amplifier

and then controlling this coupling by means of low-frequency currents

(saturation inductance or magnetic modulator, for instance).

However along these lines important difficulties would be en-

countered due to the presence of an iron core and its utilization at high

frequencies, and this control would probably also require considerable

power necessitating supplementary tubes. Another path leading to the

same results consists in dividing the amplifier, according to the princi-

ple diagram of Fig. 1, into two parts each including one or several

tubes according to the power required and each part having its own

2 According to the operating conditions of the tubes of the low -frequency

power amplifier (operation in the straight parts of the characteristics, called
class A, or in the bent parts with polarization at the origin of the anode current,
called class B) the importance of this installation varies but nevertheless it al-

ways remains rather considerable as will be shown further on.
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output circuit while the load circuit is differentially coupled to both.
The variable load is then obtained by acting on the phase difference

between the grid excitations of the two parts of the final amplifier,
whence the name of "outphasing" modulation given to the system.

Fig. 1

We shall first study the reaction caused by the load circuit when
the relative phase of the two generated voltages varies.

ACTIVE AND REACTIVE COMPONENTS OF LOAD

Let us consider the diagram of Fig. 2.

-- f, 60
octetet1 II

zie4i69 cere

Fig. 2

ftn.teeeie-.

Zi.e

(Ue+o) and ( - Ue-ia) represent two high -frequency voltages of equal
amplitude (those generated between the terminals of the output cir-
cuits of the last stage tubes) but of relative phases varying with 0;
Z represents the equal reactances of the output circuits inductances
(the capacities of these circuits are not yet shown); R+jX is the im-
pedance of the load circuit (antenna) called, from its location, the
middle branch (R resistance, X reactance); j the symbol of the imagi-
nary quantity '/-1.

Then two equations can be written

jZ/i. + (R iX)  (Ii - /2) = U  e+0, (1)
and,

- jZ/2 + (R + jX) - (1.1 - /2) = -U -e-i° , (2)

or by addition and subtraction,
sin 0- = (3)2R j(Z 2X)



Chireix: High Power Outphasing Modulation 1373

and,
cos

Il ± /2 = 2U (4)
jZ

It will be noticed from (3) that the current in the load circuit

starts from zero for 0 = 0 then increases in proportion to the sine of

angle 0.
As long as 0 is rather small, the corresponding law is linear. If 0

reaches somewhat high values, it will still be possible to have a linear

law if U has the form Uo 0/sin 0; or in other words, if the amplitude

also varies very slightly during the modulation cycle, it will still be

possible to have a linear law in respect to modulation if 0 follows a

suitable law in relation to the latter. This question will be discussed

later.
Equations (3) and (4) give for /1 and /2 the values

Il
jZ

= tos 0 j sin 0
jZ 2R + j(Z 2X)1'

j
12 = - cos 0 -j sin 0

jZ 2R ± j(ZZ 2X)1

By making 2R/Z = a, and 2X/Z=#, those expressions can be easily

transformed into
a  sin 0 1+ 13Ii = -ucosjZL\(1

U
1.2 = -[(COSjZ

0

0

0 (5)

(6)

(1 ± 13)2 ± a2) + i sin + /3)2 + a2
1,

4

a  sin 0
" 0± (1

j± 0)2 ± a2) sm (1 + f02 + a21

The active and reactive power displayed will be obtained for each

of the two circuits by multiplying the currents /1 and /2 by the corre-

sponding voltages, changing however, according to a well-known law

in the calculus of imaginaries, the sign of the term in j in the expression

for I or U.
Designating by 1W real Wand . 2 real the real power in the two cir-

.

cuits, we obtain for real -and W2 real the following values:Wi

W1 real = real part of

U2 a  sin 0
+ 0

1 + 13

e-0[(cos 0 j sin
(1 a2) 0 ± 0)2 +a2 ) (7)

W2 real = real part of
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asin 0
0 1 + 13 (8)a2)cos0 + j sin

(1 + 0)2 +
Or, using the relations e±

W1 real)}U2
=

= cos 0 + j sin 0,

a  sin2
0 cos 0 +

W2 real Z (1 + (3)2 a2

1 + 0
± sin (9)0  cos

(1 ± 0)2 ± a2J

The real powers in each circuit can only be equal to each other
when the first and third terms balance each other which means making

(1 + /3)2 a2 1 ± O.

If 02 is negligible in comparison with unity, that is in fact if al
can be neglected in comparison with unity, this may be written

= az. (10)

This condition is always practically fulfilled. Due to the minus sign,
(10) implies that reactance X must be a capacity.

Then transforming Fig. 2 into the equivalent Fig. 3,

we see that condition

that is to say,

774
Fig. 3

-a or 0/a= -a

2X 2R

2R = Z

implies that the middle branch containing the useful load must bemistuned in such a way that the current flows ahead of the voltage
by an angle a complementary to that which the curre.nt would have
in relation to the voltage if the two circuits were split at point C.

It is evident that if resistance R is small in comparison to reactanceZ the necessary mistuning of the middle branch tends towards zero.
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By adjusting the middle branch to these conditions, (9) takes the

value

where,

U2 a U2
W1 real = W2 real = sin2 0 = -y  -  sin2 0 (11)

Z 1 - ce2

=
a

1 - a2
The imaginary or reactive powers in the two circuits can also be

found by working out the imaginary parts of (7) and (8).
The result of this calculation can then be written:

U2j [1 71- y  sin 0. cos 0] . (11a)

Noticing that, without any load circuit (middle branch short-circuited)
the reactive power would have been for each circuit,

U2 -
it can be seen .that the reaction of one circuit on the other introduces

imaginary loads: W1 imag) W2 imag given by

Wlimagl U2 7
= j  -  -  sin 20. (12)

W2imagi Z 2

In other words, the load circuit brings back capacitive energy on the

side where 0 is positive, that is to say where the voltage leads when the

load increases, and inductive energy on the side where 0 is negative,

that is to say where the voltage lags when the load increases and this

for angles varying from 0 to 45 degrees.
Equation (12) shows that the reactive energies due to the load

circuit are also equal to each other.
The middle branch being adjusted as has been specified in (10) it

is possible to calculate currents /1 and /2.

U
=

jZ
-1.cos 0 -T sin 0 ± j sin 01 (13)

and more specially the ratio [/1//2] of the r -m -s values

or,

1.1 1 -7 sin 20
/2 1 ± sin 20

/2 - 11 A/
= y  sin 20 =

1/2(Ii + 12) /mean

(14)

(15)
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Equations (13), (14), and (15) show that when 0 increases, current
/1 decreases and current 1.2 increases, and permit the difference ex-
pressed in per cent of the mean current to be easily found. Last, it will
be noticed that although the currents are not equal, the powers from
(11) and (12) are equal in the two circuits.

COMPENSATING REACTIVE ENERGY

If reverting to Fig. 2 we insert between A and the ground on the
one hand and B and the ground on the other hand, equal capacities
C designed to be in resonance with inductances Z, we shall exactly
balance the reactive power, U2/jZ, and the supplies will deliver exactly
the powers calculated in (11) ,and (12). The power factor equal to
1 for 0 = 0 will progressively decrease with the load, which must be
avoided. Let us, therefore, operate in another manner, decreasing con-
denser C of circuit 1 by a small capacity c which is shifted to circuit 2;
the respective capacities of the circuits will then become C- c and
C+c.

If c is not too large 'it is always possible to express the reactive
energy absorbed -by condenser c (or U2cco) by a relation of the form

1 U2-
2

 -  7  sin 20
jZ

00 being a certain angle given by

1

C 2
 sin 200. (16)

The total reactive energy to be supplied by source 1 will be de-
creased by that quantity and that to be supplied by source 2 will be
increased by the same quantity.

Calling Wi'imag and W2Iimag these new values, we have

U2 sin 20 ( U2 sin 2M
jZ 7 2 jZ 2

'YWllimag =

U2= -
Z

-y  sin (0 - 90)  cos (0 + 0)

U2 sin 20 U2c0 sin 2M
W2'iniag = 'YjZ 2 jZ 2- )

U2
=

JZ--ysin (0 - 00)- cos (0 + 00)

(17)
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In other words, for a given dephasing corresponding to angle 0= 00

the reactive energy is entirely balanced and consequently the power
factor is equal to 1.

For all other angles, the power factor may be calculated and from
relations 11 to 16 is found equal to

Wreal

\/(Wreal)2 (rimag)2
or,

sine 0
=

-/(sine0)2 sin2 (0 - 00)  cos2 (0 + 00)
(18)

The general shape of all the curves plotted with (18) is the following:

The power factor starts from zero for 0=0 and increases very rapidly

up to 1 for 0= 00. It then decreases slightly (the decrease being smaller,

the greater the value of 00 chosen), reaches a minimum, and then comes

back to 1 for 0= 7/2 - 00. On Fig. 4 will be found the values for 00

= 7/10 = 18°. From this curve we see that the power factor remains
always high as soon as the power is somewhat high. The efficiency can

therefore only become bad for very small instantaneous powers which

is of no great importance.
Thus, it is seen that by adjusting below resonance the circuit where

the voltage leads when the power increases (0 positive), and above

resonance the circuit where the voltage lags when the power increases

(0 negative), the reactive energy is balanced, thus permitting satis-

factory operation throughout an extended range of variation of 0.

Example. Let us suppose according to Fig . 4, the balance at 00

= 7/10 and the carrier -wave operation at a value of 0, 0,,. If 0,, is taken

to be 25 degrees, then the figure shows the power factor will be 0.9.

The intrinsic efficiency of the tubes for the relatively small power of

the carrier being taken equal to 75 per cent and the efficiency of the

circuits in relation to the antenna being taken equal to 0.9 the over-

all efficiency on carrier -wave operation will be 0.9 X0.9 X 0.75 0.6.

For other values of 0,, the efficiency follows the variations of Fig. 4. The

angle in carrier -wave operation being thus known, let us determine the

other parameters of interest by taking as a basis the new parameter,

K .V . A .

8 =
K .W .

defined as the ratio of the total apparent power involved in the instal-

lation to the real power utilized in the carrier wave.

From (11) and (11a) this ratio is
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whence,

s= 1

7  sin' 01,'

1
'Y (19)s  sin2 0

For reasons of economy in the installation and in order not to in-
crease too much the losses in circuits 1 and 2 it is necessary to make s
as small as possible. If we remark that the value of s just defined for
carrier -wave operation falls down to s/4 during the instantaneous
peaks of 100 per cent modulation, we may take s = 20, that is to say a
power ratio of only five during the peaks of deep modulation. From
(19) we then have 6= 0.28, whence a = 0.26.

Co'nsequently, the circuit of the middle branch will have to be
untuned by an angle whose tangent is 0.26, that is to say by about
15 degrees.

Relation (15) gives

DI

Imean

In the same manner from (16) ,

= y  sin 201, = 0.21.

c-=
C 2

- sin 260 = 0.084 .

Hence, roughly, the currents of the principal circuits will differ by
ten per cent over or under the average value and the circuits will be
untuned, one in default, the other in excess of eight per cent in capacity
that is to say four per cent in frequency. These various values have
been verified very approximately in practice.

OPERATION DURING MODULATION

If we revert to Figs. 4 or 51, the curve called apparent power can rep-
resent as well, on another scale, the power absorbed by the tubes, that
is to say, the anode current as the operation takes place at a constant
anode voltage.

It is easily seen that the curve of this current is the shape of a U,
the anode current not being nil at the origin, that is to say, for a no-
load condition (due to the untuning of the circuits). In fact, it reaches
a minimum for an angle a little smaller than the anglechosen for the
balance, then, it remains almost proportional to the useful load and
consequently varies according to a square law with the useful cur-
rent (antenna current). Starting from this curve it is possible to plot
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the anode current curve (or that of the input power) during the modu-
lation cycle in relation to the sine modulation of the antenna current.
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This can be done for several modulation ratios that is to say for more

or less important variations of angle 0 around the value corresponding

to carrier -wave operation (here Or =25 degrees). Such curves have been



1380 Chireix: High Power Out phasing Modulation

plotted for the following modulation ratios 30, 60, 80, and 100 per
cent. (Fig. 6.) These curves show the anode current during half the
modulation cycle, the other half being symmetrical in relation to the
vertical axis. From these curves, it is possible to deduce the mean cur-
rent, that is to say the mean input power taken from the mains for
various modulation ratios. When the modulation ratio K increases this
power evidently increases as the effective power in the antenna in-
creases according to law, 1 +K2/2.

It even ought to increase linearly with this law, if the efficiency
really remained constant during the complete modulation cycle. In
fact, in the following table the resulting figures can be found when
imean =1 on carrier -wave operation.

K 0.3 0.6 0.8 1

Imean 1.045 1.27 1.48 1.76

K2
1+

2
1.045 1.18 1.32 1.50

It can be seen that for all average modulation ratios the law of the
antenna power is exactly followed and that for deep modulations the
efficiency slightly decreases due to the incomplete balance under
small loads. For instance, the efficiency for 80 per cent sustained modu-
lation falls down to 1.32/1.48 = 0.88 of its value on carrier operation.
This has practically no importance as deep modulations only take
place during a very short time as compared with the total time, the
average modulation of a transmitter scarcely reaching 30 per cent.

SPECIFICATION AND ACTION OF THE DRIVING STAGES

Two waves chiefly phase -modulated and of reversed rotations will
be obtained by combining in some low power stage an unmodulated
carrier wave with an entirely modulated wave (or almost entirely
modulated), 90 degrees out of phase withirthe first one. We mean by
"almost entirely modulated wave" a wave having its carrier almost
entirely suppressed. Such a wave is represented vectorially by (a) of
Fig. 7 where O'A represents the remaining portion of the carrier and
AB = AB' the amplitude of the modulated wave.

Diagrams (b) and (c) of Fig. 7 show the results of the above -men-
tioned combination. Phases vary inversely by a total quantity AO of
the order of 50 degrees for deep modulations while the amplitude
varies only slightly passing from 00' to OB (about 1F per cent for in-
stance). Each of the waves (b) and (c) will then be amplified by sepa-
rate stages up to the final excitation level (two stages only).
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By systematically inserting an outphasing device or simply by act-

ing on the tuning of the circuits of the stages, it will also be possible to
give to the grid excitations of the last stage of amplification the de-
sired angles in carrier operation (angle between straight lines OA of

Fig. 7 (b) and (c).
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The vectorial combinations of Fig. 7 can be easily obtained by the

bridge connections of Fig. 8, which shows a bridgT fed on the one hand

at 11' by an unmodulated voltage and on the other hand at 22' by a

modulated voltage such as that of Fig. 7 (a). It is seen that this bridge

3'o A _13

.91 6./
Fig. 7

composed of four equal inductances is tuned simultaneously in respect

to both of the excitations by the two condensers shown. Designating by

full arrows the currents due to excitation 11' and by dotted arrows the

currents due to excitation 22' we see that the action of excitation 22'

is the reverse of that of excitation 11' in the coupled windings 33'.
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There will thus appear in these windings an induced voltage such as
that indicated in Fig. 7 (b) and (c), the straight lines 00' of Figs. 7 (b)
and (c) coinciding, when the currents represented by the arrows will
be at right angles.

Excitation 22' is itself obtained as the result of a wave amplitude
modulated in any manner (by anode control for instance) from which
we subtract (in phase with it) an unmodulated wave.

In practice, the complete low power stages of an outphasing modu-
lated station are composed as follows:

(a) A quartz -controlled master oscillator placed in a thermostat,
including together with the quartz stage a first buffer stage

(b) A second buffer stage, driving
(c). A modulated stage with its modulator
(d) An unmodulated stage (the whole of (c), and (d) supplying the

wave represented in Fig. 7 (a))
(e) The balance bridge driven on the one hand directly by the

second buffer (b) and on the other hand by a stage (f) amplifying the
wave resulting from (c) and (d).

(g1) (g2) Two identical stages amplifying the inversely rotating
phase -modulated waves of diagrams Fig. 7 (b) and (c).

All the stages from (b) to (e) included are fitted with fifty watts
(nominal) power tubes and the output power of (gi) and (g2) is of the
order of from 500 to 1000 watts.

Only one intermediary stage is therefore sufficient for driving the
last power stage.

LINEARITY OF MODULATION VERSUS AMPLITUDE

Let us call x the vector 0' B of Fig. 7 (a) representing the modulated
wave's instantaneous amplitude. Then the antenna current ought to
vary linearly with x.

Let us assume first that 0'A = 0, in other words that the carrier has
been entirely suppressed, for each value of x will correspond an angle

of phase variation such that x = tgE by taking 00' as unity.
If phase variations in the plate circuits follow phase variations in

the grid circuits, and if the small amplitude variations of grid excita-
tion are faithfully reproduced in the plate circuits, angle will repre-
sent in fact the variation of angle 0 in relation to the value 0, corre-
sponding to carrier -wave operation.

Noticing that the amplitude of U increases by the ratio V1 +x2/1
for extreme angle values (Op ± we obtain from (3) a total relative
variation of the antenna current equal to
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A(Ii - 12) UNA + X2  sin (0p + E) -U -N/ 1 -I- x2. sin (0p - E)

- 12 U  sin 07,

or,

A(11 - 12)

- 12

and as,

- :V2  sin E  ctg Op. (20)

x
sin =

1/1 + x2

- 12)
- 12

= x ctg Op. (21)

The antenna current variation is therefore linear with x.

In the case where the carrier wave of vectorial diagram 7 (a) is not

entirely suppressed, the result is slightly different and we see without

calculation that a slight dissymetry is introduced in the modulation

curve; this dissymetry is adjustable and can eventually compensate

other effects.
Practically the results are less simple due to the amplitude limita-

tion implied by the class C operation of the last amplifying stages, and

mainly to the nonlinearity of angular displacement in the grid and

plate circuits brought about by the detuning of the last circuit.

OUTPHASING BETWEEN THE GRID AND PLATE ALTERNATING

VOLTAGES AND ITS CORRECTION

Circuits (1) and (2) of Fig. 2 being detuned as has been stated, the

diagram equivalent to either of the parts of the last amplification stage

can be represented by Fig. 9 where, E is the grid voltage.

Fig. 8

Then U is the plate voltage feeding the resistance

= sin2 0 (22)
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and the reactance

z = -T (23)
-y  sin (0 - 00)  cos (0 + 00)

These values, (22) and (23), derive immediately from (11) and (12).
As 0 and 00 are to be taken in absolute value, that is to say, independ-
ently of their sign, equation (23) must be taken with the minus sign
for the voltage, Ue+0 and with the plus sign for the tension, Ue-o.

If we call r the apparent resistance of the tube for the operation
considered, we can write

+ i2) = E, pii = jzi2, and

Hence,
(r + P +

z
= E .

E E r r
phi U p 3z

Therefore, we shall have a certain angle between excitations E and U,
given by

- j(r/z)
tg x = (24)1 + r/p

r/p is nothing else than the ratio of the voltage drop in the tube to the
operating voltage. r/p is then always small compared to 1, except for
peak instantaneous values corresponding to deep modulations.

Angle x being itself small, in first approximation we get

x = ± j  7.-z sin (0 - 00  cos (0 + 00 (25)

For the voltage U  e+0 we must take the plus sign and we then see
that for 0 < 00, x is negative, the phase angle 11/ = 0+x of the grid voltage
must therefore be smaller than 0, that is, <01. For 0> 00, x becomes
positive phase angle: = 0+x of the grid voltage must then be larger
than 0 so that 02> 02. The range of variation of is then for these two
reasons wider than the range of variation of 0.

(th - ti) > (02 - , or AO > AO.

Identical reasoning with respect to the voltage Ue-i° gives the same
results, but with reversed signs. The diagram of Fig. 10 makes these
conditions clearer.

If we call a the quantity yr/Z, or better -yr/Z  1/(1 +r/p) which we
shall suppose constant by giving to r/p its mean value, we have

= x 0 = 0 + a  sin (0 - 0o)  cos (0 + 00)



whence,

Chireix: High Power Outphasing Modulation 1385

+ a  cos 20 ,
ao

a©_
1 + a. cos 20

Fig. 9

(26)

If we plot the curve of 0 versus %it/ (Fig. 11) We see that its slope in-

creases when 0 increases but always remains smaller than 1 as long as

0<7/4, that is, in the useful region. In other words the response to

phase variations varies but little as long as 0 is small and then increases.

It is possible approximately to evaluate a as follows:

Fig. 10

During peak operation and for 100 per cent modulation r/p =e

reaches a value around 20 per cent, the tubes working at the maxi-

mum power. On carrier, e is then of the order of 0.05 (one fourth of the

preceding power) and this for 0=09. From (22) we have

r P r/P 1

a = 7/Z- = (27)
1+ r/p Z 1± r/p sine 0 1+;

We may thus approximately write, taking the point corresponding

to carrier operation, 0.05

sin' 0,

That is, for the chosen example

0, = 25 degrees, a = 0.28.

(28)
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Walk considered for 0 around zero is then almost equal to 0.8 and
progressively increases up to 0.85 on carrier and then tends towards
one for high instantaneous powers.

It is to be noticed from (28) that this effect is all the more marked
as 0,, is chosen smaller.

This effect which tends to increase the antenna current faster than
the linear law, is in fact not entirely bad as it efficiently fights against
the drop of U for high powers, a drop due to the increase of the voltage
drop in the tubes. It can however be too large and we proceed to men-
tion the means practically used for bringing it to the desired value.

The diagrams of Figs. 1 and 2 show but one of the numerous pos-
sible ways of obtaining outphasing modulation. In particular it would

Fig. 11

have been possible to short-circuit the middle branch (Fig. 2) and to
place the load between points A and B (between the plates) (Fig. 12).
The cancellation of load would then take place for 0=7/2. Calcula-
tion would then show that for suitable value of R' meeting the con-
dition RR` = Z2 the load on the output tubes would have been ex-
pressed by terms including resistance and reactance such that the
resistance term would have the value given by (22) (replacing 0 by the
complementary angle) and the reactance term the value given in (23)
with opposite sign.3

It would also have been possible -to compensate the reactive energy
for angle 0 = 00, but the balancing impedance would have a changed
sign, x would still have the value given by (25) but with a reversed
sign, so that in the end, the curve of Fig. 11, instead of bending to-
wards the top, would have bent in direction of the bottom.

3 So that if we combine Figs. 2 and 12 (Fig. 13) with load circuits R and R',the real power supplied is independent of 0, and the reactive power due to thetotal load is null, in other words, each circuit, operates under constant load andwithout any reactive power variation.
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It is thus seen that if we constitute the whole of the last two stages
of amplification according to Fig. 14, that is to say by applying
Fig. 12 to the stage before last, it will be possible to balance partially
or totally the angle x by an angle x' obtained by suitably mistuning the
stage before last in the opposite direction to the last one, and by ad-
justing resistance r.

Fig. 12

In particular, if x -x' = 0 the voltages U will constantly be in
phase with excitations E applied at A and B.

The presence of a resistance r, useful on the other hand to load the
excitation circuit, increases the general stability of the system.

4

Fig. 13

ye JB

From what has already been said, the whole of the two stages of

Fig. 14 may be directly connected to the output of the low power

stages.
It is to be understood that in practice the antenna circuit is not

directly connected between C and D but through circuits for filtering

harmonics.

4 X'
=1

777

T

Fig. 14

REGULATING THE POWER

As in all high efficiency systems where the load varies with the

modulation ratio, it is to be feared that, due to the voltage drops in the
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rectifiers or even in the mains, the carrier -wave power weakens during
the "forte" of modulation. To avoid this, which does not impair
quality as the voltage variations take place only slowly as compared
to the period of modulation, the outphasing modulated transmitters
are fitted with the following device. Tapped on a potentiometer placed
across the direct high voltage, (Fig. 15) at a point where the voltage is
small (a few tens of volts) a rectifier is placed in series with a re-
sistance 2 whose cathode is brought to a given positive potential. Re-
sistance 2 is then submitted to a voltage proportional to the difference
between the rectified high tension and a certain voltage threshold ad-
justable by means of the potentiometer tap. This direct voltage is

Fig. 15

amplified and it controls (within small limits), the voltage applied to the
stage whose aim is to suppress the carrier (the stage called (d), p. 1382)
and the output of which is thus varied. We see that for any variation
of the main voltage there corresponds a movement of point A of Fig. 7,
therefore a variation of angle O and a variation of the carrier-wave
power. By proper adjustment, the antenna current drop is cancelled
and at the same time we get rid of the power variations due to varia-
tions of the mains. The variations of angle Op moreover are very small
(for instance from 23 to 25 degrees) and instantaneously follow the
variations of the direct voltages, consequently no transients are to
be feared.

CHARACTERISTICS AND ADVANTAGES OF THE
OUTPHASING MODULATION

The linearity of modulation with amplitude, (the question studied
at length above), can be made sufficiently perfect so that the pre-
scriptions of the C.C.I.R. (Comite Consultatif International de Radio-
Rlectricite) as regards low -frequency harmonics may be obtained, for
instance, 28 decibels at 80 per cent modulation.

For this purpose it is only necessary that the maximum intrinsic
power of the tubes permits at the operating voltage the attainment of
the possible 100 Per cent modulation.

If the power of the tubes is liberally calculated, still better curves
may be obtained, for instance 28 decibels at 90 per cent modulation.
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The linearity of modulation with frequency can also be obtained
without any additional difficulty with this modulation system as long

as all the circuits possess wide enough pass bands.

Fig. 16

The other qualities of modern transmitters such as freedom from

high -frequency harmonics, scintillation, stability, ground noise, can

be obtained perfectly within the limits imposed by the C.C.I.R.
Fig. 16 and 17 show the amplitude versus amplitude and amplitude

versus frequency characteristics of a transmitter established with this

system.
or
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Fig. 17

On Fig. 18 are also given oscillograms taken at Radio -Paris (80

kilowatts carrier wave). These oscillograms show the high -frequency

modulated wave versus the low -frequency modulation level.
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Besides the principal advantage of important saving in the input
power and in the tube power installed, the modulation system just de-
scribed possesses a certain number of additional advantages.

First, the power tubes operating with high efficiency and with a
mean power practically equal to one fourth of the maximum power
dissipate very little. This kind of operation is very favorable, as the
formation of hot spots on the anode is avoided, the life of the valve is
increased, and the cooling problem is simplified.

Second, grid excitation being always very important, we entirely
avoid negative resistance or dynatron effects generally met with in
transmitters designed along the modulated high -frequency amplifica-
tion principle, these effects being due to secondary emission of the
grid.

Third, as may be easily realized from Fig. 7, the modulation per-
centage in the antenna is practically independent of the modulation
percentage in the modulated stage. It is therefore possible, for in-
stance, to obtain a 100 per cent modulation in the antenna without
exceeding 70 per cent in the modulated stage. This enables one to ob-
tain correct curves more easily.

ECONOMIC ADVANTAGES AS COMPARED WITH OTHER SYSTEMS

Let us compare the actual broadcast transmitting systems:
(a) The so-called modulated high -frequency amplification system,

modulation taking place at small power or modulation being carried
on the last driving stage as in the system named "series modulation."

(b) The so-called power modulation system, the low -frequency
amplifier operating with high efficiency (class B or push -push amplifier).

(c) The outphasing modulation system.

It is found from the efficiency point of view that the over-all effi-
ciency considered as the ratio of antenna power on carrier wave to the
power derived from the mains, taking into consideration all the
auxiliaries, is as an average 22 per cent for system (a), 30 per cent for
system (b), and 34 per cent for system (c).4

If A is the price of the kilowatt-hour and P the power of the station
on carrier, the power expenses will then be equal respectively to 4.5 AP,
3.33 AP, and 2.93 AP.

We find in addition that systems (a) and (c) require the same num-
ber of power tubes.'

4 The figures taken on the Luxembourg broadcast radio- transmitter (150
kilowatts carrier wave) have given almost 35 per cent.

5 Under the condition that in system (a)-modulated high -frequency am-
plification-the plate dissipation is not a limiting factor this being a supple-
mentary eventual advantage of system (c)-outphasing-in comparison with (a).
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System (b), on the other hand, (power modulation) requires be-
sides the tubes necessary for systems (a) and (c), additional tubes for
the low -frequency power amplifier. It can be shown theoretically as
confirmed by published results that the necessary nominal power of
these extra tubes is at least two thirds of that of the tubes necessary
for the high -frequency amplifier alone. As however it may be admitted
that the instantaneous input voltage can be slightly increased in the
case of anode control, we shall assume that the supplementary expense
in tubes is only one half of the main expense. Calling B the price of the

tube kilowatt-hour expressed in terms of carrier -wave power, that is

(a)
(b) (c)

Fig. 18-Radio Paris (80-kilowatt carrier wave). Modulated high frequency
versus low frequency (line current).

(a) about 70 per cent modulation.
(b) about 80 per cent modulation.
(c) about 90 per cent modulation.

to say, the hourly depreciation of the tube installation divided by the

carrier -wave power, we arrive at the following tube expenses in cases

(a), (b), and (c) :
These quantities permit us to plot the curves of Fig. 19 which show

in relation to A/B:
Curve 1-The saving in maintenance expenditure of the outphasing

modulation as compared with the modulated high -frequency amplifi-

cation system.
Curve 2-The same saving when outphasing modulation is com-

pared with class B anode control modulation (push -push).

Curve 3-The economic advantage of so-called class B modulation

in comparison with the high -frequency amplification system.
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From these curves, we see that the outphasing modulation always
brings an important advantage over modulated high -frequency modu-
lation in the shape of a 20 to 25 per cent saving for average conditions
(cost of power abbut half of cost of tubes). This same 25 to 20 per cent
saving is also found again when comparison is made with power modu-
lation (class B).
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Fig. 19

In fact, it must be pointed out that for these quite average values
of A/B, anode control modulation only gives a very small saving as
compared with the modulated high -frequency amplification system.

We have plotted in dotted lines (curves 2' and 3') curves equiva-
lent to 2 and 3 but calculated under conditions still more favorable to
power modulation, by assuming that the additional tube expense is
only one third of that necessary for the outphasing system.

Although these conditions seem difficult to fulfill, the saving
brought by the outphasing method over the power modulation (class
B) is still around 20 to 16 per cent for a variation of the ratio A/B
within the limits (0.25 to 1 approximately).

We can conclude from these curves that the modulation method
described in the preceding pages and applied to a certain number of
high power installations in operation or under construction, brings a
very important economic advantage (reaching several times ten
thousand dollars a year for big installations), when it is compared with
the other existing systems.
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Sunirnary- This paper deals with the problem of determining the steady -

slate response of a network to a periodic driving force of arbitrary form, without the

use of Fourier analysis. The periodic driving force is treated as a series of repeated

transients, and the response of the network is found as the sum of the separate re-

sponses to each of the repealed transients. Formulas are developed for the general

response of a network to several types of driving force encountered in scanning cir-

cuits for cathode-ray television, in terms of the general indiciol response of the net-

work. A pplications to some typical scanning circuits are shown.

SCANNING Circuits for cathode-ray television have brought to

the fore a type of problem that has iii )1 Iii .en treated in great
detail. This is the determinaion of the wave form of the steady-

state response of a net work to a periodic electromotive force of arbi-

trary form. The classical solution of this problem by Fourier analysis

is not of great value, since the synthesis of the harmonic components

of the response is not obvious, and to obtain the wave form, one must

resort to laborious and inaccurate graphs.
For the case of lumped networks, the steady-state response to a

periodic electromotive force of arbitrary form may be put in closed

form by an application of the superposition theorem, treating the

periodic electromotive force as an infinite succession of periodically

repeated transient electromotive forces, and summing. the responses of

the network to each transient. Besides the analytic formulation of the

electromotive force we need to know only the judicial response of the

network, or the response caused by a suddenly applied unit electromo-

tive force.
Consider first a periodic electromotive force of the type shown in

Fig. 1. We propose to find the response of a network to this electro-

motive force between t = o and t=r, assuming an infinite number of

periods preceding t = o. This response will fall naturally into two parts,

the first, Ro(t), due to the electromotive force Eo(t) acting during this

period, and the second, R1 (t), the sum of the responses due to E1(t),

* Decimal classification :R583. Original manuscriptreceived by the Institute,

December 6, 1934.
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E2(t), etc., acting during the preceding periods. This latter response
will be represented by

R'(t) = R,(t) R2(t) R3(t) ± (1)

where R,(t) is the response due to the period -T <t <0, R2(t) due to
the period - 2T <t < - T, etc. Since the electromotive forces acting in
these periods are of the same form the individual responses of (1) will
differ only in their arguments. Thus,

R2(t) = R,(t

R3(t) = R,(t + 2r) . (2)

etc.

Hence it is necessary only to determine R,(t) for the particular
network and electromotive force, and then to obtain R'(t) from (1)
and (2).

k:1

-2T t=0 T

Fig. 1

If the indicial response of the network is A (t), the response pro-
duced by E0(t) is given by one form of the superposition theorem':

Ro(t) = E0(0)A(t) A(t - X) -dE0(X)dX. (3)J o dX

To find R,(t), the response due to the preceding period, -T <t <0,
we must introduce an electromotive force -E,(t) at t=0. The tran-
sient electromotive force of this period is then made up of the electro-
motive forces E1(t) introduced at t --r, and -E1(t) introduced at
t=0.

The response due to Ei(t) introduced at t= T is, from (3),

R1'(t) = El (- T)A(t T) A(t - X) -d Ei(X)dX (4)J dX

and that due to -E1(t) introduced -at t = 0 is

Ri"(t) = - El(0)A(t) -
0

A(t - X) - Ei(X)dX. (5)J dX

1 V. Bush, "Operational Circuit Analysis," p. 56, John Wiley and Sons.
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Adding (4) and (5), we obtain for the response R1(t) for t>0,
0

Rift) = E1(- T)A(t T) - E1(0)A(t) f A(t - X) - E1(X)dX. (6)
dX

The complete steady-state response is then, for 0 <t <T,

R(t) = Ro(t) Rift) R1(t T) R,(t + 2T) + (7)

GENERALIZED NETWORK RESPONSE TO A SAW -

TOOTH ELECTROMOTIVE FORCE

In television scanning circuits, the most important voltage wave
form is the saw -tooth voltage shown in Fig. 2. For this voltage function

Eo(t) = Kt
Ei(t) = K(t T).

The indicial response of most networks commonly encountered is

given by Heaviside's expansion theorem in the form'

A(t) = A0 E (9)
i=1

where the summation is taken over all of the n roots of the deter-

minantal equation of the network. Equation (9) does not hold for the

case of equal roots. Let us apply the electromotive force of (8) to the

generalized network whose indicial response is given by (9).

t=0

Fig. 2

(8)

Substituting the above form for A(t) inv(3), and noting that

Eo(0) = 0, we obtain

Ro(t) = f (n0 E AiePi(")).Kdx
0

KAi
= AoKt E (EN- - 1).pi.

(10)

Substituting A(t) in (6), and noting that .E,(- 0 and that E,(0)

=Kr, we obtain
1 Loc. cit., p. 86.
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0

R1(t) = - KKA E JEN') + [A0 + E Aie",-x) KdX
i=i

E KAiePit(-1 (Pir - 1) - 7).
i=i Pi

From (7) the steady-state response from t = 0 to t= T is given by

R(t) = AoKt
KAiE

i=1 pi
n 1
EKA i - (EPir - 1) - ± EPi(t+r)
1=1 pi

Since,

t (t+T) Epi(t+27)

equation (12) becomes

Epi( t+27)

EPit

1 - EpiT

(12)

(13)

n Ai n A i7
R(t) = AoKt - KE - - KE it (14)

pi 1 - EPT

Equation (14) gives in closed form the steady-state response to a saw-
tooth voltage of any network whose indicial response is of the form
given by (9). Examples of the application of this equation will be given
below. For the present, we turn to another type of electromotive force
commonly encountered in television work.

RESPONSE OF THE GENERALIZED NETWORK TO THE
PULSE ELECTROMOTIVE FORCE

The pulse electromotive force shown in Fig. 3 is slightly more com-
plicated, in that each period contains two parts of interest. This
function is described by

Eo(t) = E, 0 < t <
Eo(t) = 0, Ti < t <
E1(t) = E,-T<t<-T-1-7.1
Ei(t) = 0, - < t < 0

From inspection, it may be seen that the steady-state response of
the generalized network of (9) to the pulse electromotive force is,
from t = 0 to t =

(15)
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Rol(t) = EA() E E Ai5Pit - EA° -E E

n

+ EA 0 -4- E A iepi (WO

n

- EA - BE A iepi (t+27-71)

and, by (13),
A i(1 - EPi

Rel(t) = EA 0 + E L EPit (16)
17=1 1 - EPir

From t= Ti to t= T the steady-state response is

Ro2(t) = Rol(t) - EA.° -E E

1 -
EE A,

1 - ePir
ePi . (17)

EXAMPLES OF NETWORK RESPONSE TO THESE DRIVING FORCES

In magnetic deflection of cathode-ray beams for television scanning

a saw -tooth current through a suitable deflection coil is used. A first

approximation to this saw-tooth current may be produced by applying

a saw -tooth voltage to the grid of an amplifying tube, with the de-

TE

o T,

Fig. 3

flection coil in the plate circuit. The simplest circuit to consider in this

connection is a series R and L arrangement, where R is the sum of the

internal and external resistances in the plate circuit, and L the in-

ductance of the deflection coil. For this circuit, the indicial current, for

a suddenly applied unit voltage on the grid, is

= le (1 - cRi/L). (18)

This is of the form of (9), so we may substitute in (14) and obtain

the plate current variation for a saw -tooth grid voltage eg = Kt. The

steady-state variation will then be given by
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i(t) = t - L
+ -RtiL)=R _ e-RrIL (19)

Introducing f=1/T, the frequency of the saw -tooth voltage, and
a = R/L, equation (19) may be written

1 1 1
i(t) t - - . (20)= - --ati1- calfa f

Fig. 4 shows equation (20) plotted for a typical amplifying tube
and deflection coil system. It will be observed that the major dis-
tortion in this case is due to the exponential term of (20), which

12

fns
8

4

0

Time in seconds X YO

0.2 04 04 08 1.0

Fig. 4-Variation of plate current through a deflection coil of inductance
L =100 henrys, with a type 47 tube, ,u =150, R=60,000 ohms, due to a
60 -cycle saw -tooth voltage, eg =3601, applied to the grid.

produces a relatively long retrace time, corresponding to the steep part
of the voltage wave. If Calf is small compared with unity, the retrace
time, from t = 0 to the instant when the current is a minimum, is given
by the approximate relation

tretrace
2.30

logio - a a

It is also seen that a large value of a is necessary for a short retrace
time. For a given inductance of the deflection coil, which is determined
by the magnetic deflection sensitivity of the deflection coil, and the
maximum plate current variation allowed, the tube having the greatest
plate resistance will give the shortest retrace time. For this reason,
tetrodes or pentodes are almost a necessity, if a saw -tooth voltage is
used on the grid, and a short retrace time is desired. This is, of course,
in line with the steady-state harmonic analysis of the situation.
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Fortunately, the retrace time for magnetic deflection may be made
as small as we wish, within limits, by the device of combining the saw -
tooth electromotive force with a pulse at the end of each period, to
take care of the retrace. A few words will serve to "make this clear. Sup-
pose that the saw -tooth grid voltage is increasing in the positive direc-
tion. Then the plate -current variation in the inductance will produce
a voltage which lowers the plate voltage of the tube. When the grid
voltage suddenly decreases at the end of the period, the rapid decrease
of plate current causes the plate potential to rise to a high value. Thus
the plate current cannot decrease as rapidly as the grid voltage. If,
however, a large negative pulse is supplied at the end of the period,
the plate current can be made to reach its minimum value within the
time of duration of the pulse. Thus, we may employ an input voltage
of the form shown in Fig. 5. This voltage may be considered as the4

°I I I
Fig. 5-Wave form of the grid voltage necessary to produce a
saw -tooth plate current variation through an inductive load.

sum of the preceding saw tooth, and a periodic rectangular pulse of

magnitude - el and duration ri. Computing the response due to the
pulses by (17), it is found that they introduce a component in the
steady-state response which is given by

/1(0 = Ae1 1 -
Earl

E-c'e (21)
R 1 - E ar

when t>ri. The distortion term of (19) is

T
Eat

R1 - E-ar12(t) =

Adding these terms, it is seen that they cancel if

KT
= Ea" - 1

(22)

(23)

or, if ceri<<1, as it is in practical cases,

ei = Kr/ari. (24)

Thus, by adding to the saw tooth a pulse of the proper magnitude,
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the retrace time may be limited to the duration of the pulse, and distor-
tion is absent over the rest of the cycle. In practicable circuits, the
limiting duration of the retrace time is usually determined by the
magnitude of the veiy high plate voltage produced during the retrace
time. It is also difficult to produce rectangular pulses but this is not

Ro

R
C

-1'1'1,11411J

Fig. 6-Circuit by which the wave form of Fig. 5 is obtained from
a series of voltage pulses applied to the grid.

of great importance. Distributed capacity in the deflection coils may
be sufficient to produce oscillations during the retrace time, but these
can usually be eliminated by a shunt resistance of high value across
the coils.

It is of interest here to describe one method by which this combina-
tion of saw tooth and pulse may be produced. Referring to Fig. 7

el

E

(b)

(c)

Fig. 7-Wave forms of the grid-voltage-plate-current, and
plate -voltage variations occurring in the circuit of Fig. 6.

(a) we may introduce a periodic pulse on the grid of the tube, the
pulse coming frOm any suitable relaxation oscillator. We will suppose
that, without the pulse, the tetrode of Fig. 6 is biased below cutoff.
The introduction of a positive rectangular pulse will cause a corre-
sponding pulse of plate current, as shown in Fig. 7 (b) ,Let us now de-
termine the variation voltage across the plate impedance. The indicial
voltage produced by a suddenly applied unit current flowing through
this impedance will be given operationally by
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E' 1(t) = Ro R/(pRC -1- 1) (25)

which is equivalent to

E1(t) = Ro R(1 - e-"Rc). (26)

Assuming a series of current pulses of magnitude /0, the steady-state
voltage across the impedance is found from (16) and (17) to be

R(1 - /R9

1 - e-r/RC

and,

E = Io[Ro R

0 < t <

1 _ eril RC

E = -R e-t] RC

1 - Earl RC

T1 < t < T.

(27)

(28)

If ri/RC<<1 and .7-1<<T equations (27) and (28) may be approximated by

E = IoRo, 0 < t < Tl (29)

107.1 e-tiRcE_ T1 < t < (30)
C 1 - E -r IRC

The voltage applied to the grid of the amplifying tube then has the

form shown in Fig. 7 (c) and is the desired combination of pulse and

saw tooth. The value of RC is adjustable, of course, so that only the

first, and nearly linear, portion of the exponential is used. It is inter-

esting to note that, as long as the approximations hold, the magnitude

of the pulse component is, from (27), independent of R and C, and

further, that the peak value of the 'saw -tooth component, from equa-

tion (30), is independent of Ro, and is proportional to IOT1, the magni-

tude of the charge delivered to the RC combination during each pulse.

OTHER CAUSES OF DISTORTION IN MAGNETIC DEFLECTION CIRCUITS

The simple R, L series circuit treated above has the disadvantage of

a constant direct -current component of current in the deflection coils,

which produces a constant deflection of the cathode-ray beam. This de-

flection may be compensated by another opposing coil carrying a con-

stant current, but since this complicates the deflecting system, and

means a greater drain on the power supply, it is advantageous to use

a circuit such as is shown in Fig. 8, where the direct -current component

is blocked by the condenser C and supplied by the shunt inductance L1.
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It is obvious from harmonic analysis that C should offer negligible im-
pedance to the fundamental component of the saw -tooth current wave,
and that L1 should offer a high impedance. However, for picture fre-
quency scanning currents, between twenty and forty cycles, these con-
ditions are difficult to fulfill, and it is of interest to examine the amount
of distortion produced by departures from the ideal.

Fig. 8-Circuit used for blocking the direct -current
component of the plate current.

Considering the shunt inductance first, let us assume that C is so
large that negligible distortion is caused by it. The equivalent circuit
is then that of Fig. 9 (a), where Ro is the plate resistance of the tube.
In this circuit, we have the operational relations

i2(R2 pL2) = pLi) (31)

and,

= jo

Now, if

1

1+ L2 R2/L2 p

L1 R1/L1 + p

Ri R2=
Li L2

(32)

(33)

the circuit of Fig. 9(a) is equivalent to that of 9(b), a series R and L
circuit, which we have already treated, and in which io is linear if
the combination of saw -tooth and pulse voltage is applied. Also from
(32),

L1
Zz

Li ± L2
i0 (34)

and we see that i2 is linear with time. Hence if the resistance and in-
ductance of the shunt arm are adjusted according to (33), no distor-
tion will be produced by this arm. If (33) is not fulfilled, the time
constants of the two shunt arms will be different, afid a distortion
term is present, Since this case may be treated in the manner shown in
the next paragraph, it will not be developed here.
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To examine the effect of the condenser, let us suppose that the effect
of the shunt inductance is made negligible by a large value of L1. Then
the equivalent circuit becomes that of Fig. 9(c). The current i2 is given

operationally by

i2 pCpeal(p2L2C pC(Ro ± R2) + 1) . (35)

(a) (b) (c)

Fig. 9-Equivalent circuit elements of Fig. 8.

We now make use of a well-known operational formula.' This is

p 1
{5(-a-f-f)g -e(a+p)ti

ape ± by + c 243

where, a = b/2a
and, = 1/a2 - c/a

Applying this to (35), we obtain for the indicial current

A(t) = Aeg[6(-a-Ftnt _ e-ca-Ftmi

2L2/3

where,

and,

a =
RO ± R2

2L2

= \/a2 - 1/L2C

Using (14) we have for the steady-state response of this circuit to a

saw -tooth voltage in terms of the current through the deflection coil

/AK

e-(a-FP)1

(36)

(37)

(38)

(39)

=
2f32L 1 - e- (a+MT

T
e(-a+0) t - 20L2C1. (40)

1 - e(-a-FOr

There is no term in (40) which is proportional to t, as there is in

Loc. cit., p. 133.
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(20). However, if # is made nearly equal to a, so that ( - +#) is
small, E(-a+13)t may be replaced by the first three terms of its series
expansion,

0)2e(-"+#6)1 = I - (a - (3)t
2

t2 + . (41)

Thus, e(-a+P) in (40) yields a term proportional to t, plus a term in 12
which causes a flattening of the slope of the response towards the end
of the voltage period. The term containing E-(a+13) has already been
encountered in the series R and L circuit; this term causes a slow re-
trace time, and may be removed as before by adding a pulse to the
saw tooth.

From (41) we may estimate the amount of distortion caused by a
finite (.-a+13). Equation (41) may be written as

= 1 - (a - #) t [1
(a /3)

2
(42)

At the end of the period, then, the response has departed from the ideal
by the fraction

ec-a+tot

a -#
s =

2

and, from (39), since a - (3 is a small quantity,

a - /3 = a(1 - -V1 - 1/a2L2C)
= 1/(Ro ± ROC (43)

and the fractional departure from linearity at the end of the period is

T 1
S = (44)

2(R0 + R2)C 2fC(Ro ± R2)

where, as before, f =Yr is the frequency of the driving voltage. The
distortion in this circuit is then inversely proportional to the frequency,
coupling capacity C, and total plate resistance.

It may be objected that separating the elements of the circuit of
Fig. 9(a) in the way we have done yields results which are different
from the behavior of the complete circuit. The above results, however,
are accurate to the first order of approximation. The circuit of Fig.
9(a) may be analyzed in its entirety for particular values of the para-
meter withoht trouble. The general treatment of the c6mplete circuit
is too complicated to have much meaning, since the determination of
its indicial response involves the solution of a cubic equation.

1
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DISCUSSION ON "ECHOES OF RADIO WAVES"*

N. JANCO

G. Builder :1. The author has put forward a theory of long delay echoes based

on the magnetoionic theory. In doing so, he has completely misinterpreted the
theory as expounded by Appleton and Mary Taylor, to whose original papers
he refers. The difficulty has clearly arisen through -neglecting the exact signifi-

cance of the accepted definition of the sense of rotation of an elliptically polarized

wave. Appleton defines the sense of rotation with reference to an observer looking

in the direction of propagation of the wave.
Now, in the magnetoionic theory, it generally happens that a wave traveling

in the ionized medium is split up into two components having different phase

and group velocities and suffering different attenuations. For simplicity, con-
sider propagation in the direction of the magnetic field. The two components

are then circularly polarized and have opposite senses of rotation. Of the two
components one is termed the ordinary and the other the extraordinary. The
ordinary wave is that which is the less affected by the earth's field. That is to say,

its propagation differs less from that of propagation in the absence of the im-

pressed magnetic field.
Consider a wave incident vertically on a horizontal layer of ionized gas, such

as exists in the upper atmosphere. In general, the wave is split into two com-

ponent waves having elliptic polarizations. In the northern hemisphere the

ordinary component has a right-handed sense of rotation when the wave is

traveling upwards. At reflection there is a reversal in the sense of rotation and

the ordinary component has a left-handed sense of rotation when the wave is

traveling downwards. Thus this component will be affected in the same way by a

layer of ionization whether it is traveling upwards or downwards, since the sense

of rotation with respect to the earth's magnetic field is the same in the two cases.

Thus, if the ionization of the lower layer is such that the extraordinary wave is

reflected and the ordinary wave is not, the ordinary wave continues upward and

is reflected at the upper layer. When it meets the lo'wer layer as it travels down-

ward, it again penetrates this layer and reaches the ground.

There is abundant experimental support for this interpretation of the theory.

Observations, by Appleton and Builder, Ratcliffe and White, and others, are

available. For the present purpose, it is only necessary to point out frequent

occurrence of simultaneous reflections, from the E and F layers, of the extraor-

dinary and ordinary wave respectively, which has been observed on wave-

lengths less than about 200 meters. In such cases the ordinary wave, which re-

quires the greater electron density for reflection, penetrates the lower layer and

is reflected at the upper, while the extraordinary continues to be reflected by the

smaller ionization density in the lower layer. Now, if the author's interpretation

of the theory were correct, this would clearly not give rise to simultaneous echoes

from the two layers, since the ordinary wave, after reflection from the upper

layer, would become extraordinary and could not penetrate the lower layer and

so reach the ground.
Thus this single experimental observation invalidates the author's theory.

It appears to be unfortunate that, in the current literature, the extraordinary

Paoc. I.R.E., vol. 22, p.023; July, (1934).
1 University of Sydney, Sydney, Australia.
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wave is loosely referred to, for conditions existing in the northern hemisphere,
as having a left-handed sense of rotation. This practice is, of course, due to the
truth of the statement for reception at the ground of the downcoming waves.
In the same way, in the southern hemisphere the ordinary wave has a right-
handed sense of rotation in the downcoming ray. Thus the definition is in some
respects unsatisfactory but appears to be universally accepted, often without
due regard to its significance. It may be noted that, as Ratcliffe and White
have already pointed out,2 the sense of rotation of each component is unchanged
at reflection if the sense is referred to the direction of the earth's magnetic field.
Moreover, with respect to the earth's field the sense of rotation for each magneto -
ionic component would be the same for workers in both hemispheres. It is per-
haps worth considering the advisability of a revised definition.

2 J. A. Ratcliffe and E. L. C .White, Phil. Mag., vol. 16, p. 138; July, (1933).
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BOOK REVIEWS

Information for the Amateur Designer of Transformers for 25 to 60 Cyde Cir-

cuits, by H. B. Brooks, National Bureau of Standards, Circular No. C 408,

June, 1935. Price five cents.
This circular describes practical methods for designing and constructing

power transformers with good efficiency and reasonable cost, using home facili-

ties. Extensive details are given on various problems, such as the selection of core

materials and size, wire sizes, and insulation methods. It will enable the home

constructor to go about the job without tedious preliminary mathematics. In

the matter of insulation however, it is this reviewer's opinion that less trans-

former failures will result by providing an insulating paper layer between succes-

sive layers of wire in all cases, irrespective of potential gradient per layer, since

amateur winding methods do not insure that the wire keeps in layers. Details

concerning the insulation requirements for high voltage windings (several kilo-

volts) are less complete, as are also the methods for providing electrostatic

shields between windings. *RALPH R. BATCHER

The National Physical Laboratory Report for the Year 1934. Published by His

Majesty's Stationery Office for the Department of Scientific and Industrial

Research, 1935. 260 pages. Price 13s.

This report describes the activities of the National Physical Laboratory of

England which include a wide range of scientific, technical, and engineering sub-

jects. The report is divided into a number of sections in which the work of the

following departments are treated: Physics, Electricity, Radio, Metrology, En-

gineering, Metallurgy, Aerodynamics, and William Froude Laboratory. Lists of

the personnel and of the publications of the Laboratory for 1933 are included.

The radio engineer will be particularly interested in the report on work of

the Radio Department. This is divided into sections dealing with propagation of

waves, direction finding, atmospherics, and radio apparatus and materials.

Among the interesting subjects treated may be mentioned ionosphere measure-

ments, angle of incidence of downcoming signals, electronic oscillations, and

effect of temperature variation on coils and condensers in transmitters and means

of compensation.
The radio engineer will find material of equal interest in the section on work

of the Electricity Department, particularly that on electrical standards and meas-

urements. Here such subjects as standards of radio frequency, international

comparisons of frequency, attenuation and impedance measurements and stand-

ard condensers are briefly treated. Other electrical measurements, photometry,

and photoelectric cells are also treated.
Results of the comparison of two piezoelectric oscillators as time -rate stand-

ards with a Shortt clock are briefly given in the report of the Metrology Depart-

ment.
Engineers having to do with acoustics will be interested in the description

of the new acoustics laboratory found in the report of the Physics Department.

One section of the report treats on sound with brief summaries of the work on

sound transmission, reverberation, and noise measurements and the calibra-

tion of microphones and loud speakers. tE: L. HALL

 Hollis, Long Island, N.Y.
t National Bureau of Standards, Washington, D.C.
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BOOKLETS, CATALOGS, AND PAMPHLETS RECEIVED

Copies of the publications listed on this page may be obtained without
charge by addressing the publishers.

Circular R -1002-C issued by Weston Electrical Instrument Corporation of
Newark, N.J., covers power level indicators, high speed movements, and DB
meters.

Catalog No. 18 which is of a general nature has recently been issued by
Federated Purchaser, Inc., of 25 Park Place, New York; 1331 South Michigan
Avenue, Chicago; and 546 Spring Street, N.W., Atlanta, Ga.

The Ward Leonard Electric Company of Mount Veron, N.Y., has issued a
series of new bulletins. Bulletin 501, covers D.C. manual starters; 701 D.C.
compound manual starters; 1201, D.C. manual speed regulators; 1301 and 1302,
D.C. compound manual speed regulators; 8601, controlled rectifiers; and 8651,
magnetic chuck rectifiers.

Bulletin No. 250 of the National Company, 61 Sherman Street, Malden,
Mass., covers various components and receivers for high-frequency services.

The National Union Laboratories of 365 Ogden Street, Newark, N.J., has
issued data sheets on the Type 43 power output pentode, the 84/6Z4 full wave
rectifier, the 1B4 voltage amplifier, and the 1A4 voltage amplifier.

Communication Products, Inc., of 245 Custer Avenue, Jersey City, N.J. has
recently issued data on "Properties and Uses of the New Q -MAX Radio -Fre-
quency Coating Products."

The RCA Manufacturing Company, Radiotron Division of Harrison, N.J.,
has issued Application Note No. 51 on the 6F5, a high -mu triode. Data sheets
have been issued on the 1B5/25S duodiode triode, the 6E5 electron -ray tube, and
the 898 high power radio -frequency amplifier, oscillator, and class B modulator.

Cornish Wire Company of 30 Church Street, New York City has issued a
brochure on all wave antennas.

A general catalog No. 188 has been issued by the Insuline Corporation of
America, 23 Park Place, New York City.

A leaflet covering a new phonograph for sixteen -inch records has been
issued by the Ansley Radio Corporation of 240 West 23rd Street, New York
City.

Leaflets have been issued by Shure Brothers Company of 215 West Huron
Street, Chicago, on their new "spheroid" nondirectional crystal microphone.

Output switching panel, 271A, for radiotelephone broadcast systems is
described in a booklet issued by the Western Electric Company of 195 Broad-
way, New York City.

+
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"I'M A telephone installer and I
like to be busy. A good many
people are calling up these days
and saying they would like to have
a telephone put in.

"Often they will make an ap-
pointment and it's my job to be
there on the dot. The company
is a stickler for that. More than
97% of the appointments made
with subscribers are now met at
the exact time requested. We're
trying to do even better than that.

"Seems to me it's something
worth while - putting in a tele-
phone. People always seem

happier when I tell them they are
connected 'and everything is 0. K.
Especially if they have been with-
out the telephone for a little while.
Most everybody says the same thing- 'We missed it.

"Well, I hope it keeps up. It
means a lot to have a telephone
and it means a lot to us fellows who
work for the telephone company."

The Bell System employs a total of
270,000 men and women. They are your
friends and neighbors,. Good business
for the telephone company is a sign of
prosperity in the country.

BELL TELEPHONE SYSTEM
When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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AN INTERNATIONAL
ORGANIZATION

AT YOUR SERVICE
The combined engineering ability .. .
manufacturing experience . . . and
intelligent co-operation of the world's
largest condenser manufacturing or-
ganization is at your service when
you purchase a C -D condenser.
Continuous research . . . aimed at
only one objective, that of raising
the standards of condenser manufac-
ture . . . has ever been the creed of
the Cornell-Dubilier organization. Al-
ways . . . today and for twenty-five
years . . . the same vigilance, the

same precision of test, the same per-
sonal responsibility. One condenser
. . . one billion condensers. The un-
ending quest for greater perfection
. . . for the condenser that will never
be built.
The factory .. . laboratories . .. a gi-
gantic machine ... an army of work-
ers at your beck and call. To meet
your every requirement and assure
you of absolute satisfaction in every
way and manner.
Your inquiries are appreciated.

Visit us at our exhibit at the Rochester convention

CORNELLEDUBILIER
CORPORATION

4379 BRONX BOULEVARD NEW YORK

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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Vie fin5tittite at engineer5
Incorporated

330 West 42nd Street, New York, N.Y.

APPLICATION FOR ASSOCIATE MEMBERSHIP
(Application forms for other grades of membership are obtainable from the

Institute)
To the Board of Directors
Gentlemen :

I hereby make application for Associate membership in the Institute of Radio
Engineers on the basis of my training and professional experience given herewith,

and refer to the members named below who are personally familiar with my work.

I certify that the statements made in the record of my training and profes-
sional experience are correct, and agree if elected, that I will be governed by the
constitution of the Institute as long as I continue a member. Furthermore I agree
to promote the objects of the Institute so far as shall be in my power, and if my
membership shall be discontinued will return my membership badge.

(Sign with pen)

(Address for mail)

(Date) (City and State)

Sponsors:
(Signature of references not required here)

Mr. Mr.

Address Address

City and State City and State

Mr.

Address

City and State

The following extracts from the Constitution govern applications for admission to the

Institute in the Associate grade:
ARTICLE II-MEMBERSHIP

Sec. 1: The membership of the Institute shall consist of:   ' (c) Associates, who shall be
entitled to all the rights and privileges of the Institute except the right to hold any elective
office specified in Article V.  '

Sec. 4: An Associate shall be not less than twenty-one years of age and shall be a person who

is interested in and connected with the study or application of radio science or the radio arts.

ARTICLE III-ADMISSION AND EXPULSIONS

Sec. 2:  * * Applicants shall give references to members of the Institute as follows: for

the grade of Associate, to three Fellows, Members, or Associates;   Each application for
admission  " " shall embody a full record of the general technical education of the appli-

cant and of his professional career.
ARTICLE IV-ENTRANCE FEE AND DUES

Sec. 1:    Entrance fee for the Associate grade of membership is $3.00 and annual dues

are $6.00.
ENTRANCE FEE SHOULD ACCOMPANY APPLICATION
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(Typewriting preferred in filling in this form) No.

RECORD OF TRAINING AND PROFESSIONAL
EXPERIENCE

Name
(Give full name, last name first)

Present Occupation
(Title and name of concern)

Business Address

Permanent Home Address

Place of Birth Date of Birth Age

Education

Degree
(college) (Date received)

TRAINING AND PROFESSIONAL EXPERIENCE

DATES

Record may be continued on other sheets of this size if space is insufficient.

Receipt Acknowledged Elected Deferred
Grade Advised of Election This Record Filed
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TRIPLETT
A.C. Volt Meter
Model No. 233

TRIPLETT
D.C. Milliampere

Meter
Model No. 421

TRIPLETT
Decibel Meter
(Rectifier Tyne)
Model No. 321

TRIPLETT Twin
(In any combination

of A.C. or D.C.)

PRECISION WITHOUT EXTRAVAGANCE
Gone are the space consuming, difficult to read, cumbersome to handle
Electrical Instruments of the past.

Today's choice is TRIPLETT-ELECTRICAL INSTRUMENTS
of modern designs that ideally fit present needs.

PRECISION FIRST, but also compactness, lightness, portability,

modern attractive cases, more readable scales on metal dials and many

other refinements.

You are cordially invited to visit the Triplett,display booth at Hotel

Sagamore, Rochester, New York, on November 18th.

OTHER TRIPLETT
PRODUCTS

complete line of Electrical LTRIPLETT manufacture a

Instruments for Radio, Elec-
trical and General Industrial

custom built. If you have an
purposes both standard and

Electrical Instrument problem
write to TRIP-1.14:TM ELECTR ICAL I N ST RU M EN TS

MAIL THIS COUPON TODAY!
THE TRIPLETT ELECTRICAL INSTRUMENT CO.
Bluffton, Ohio, U.S.A.
Please send me 1936 catalog.

Names

Address

City
Si- I e

When writing to adilertisers mention of the PROCEEDING: will be mutually it,tplal.
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5-10-15-20 RESISTORSWATT

1.

2.

3.

4.

5.

PYROHM FEATURES
Crack -proof refractory tub-
ing for the support. Ade-
quate heat dissipation.

Quality resistance wire pre-
cisely space wound under
tension.

Copper terminal band
clamped to tubing. Wire
ends wrapped about raised
ear and brazed to same.

Heavy vitreous enamel coat-
ing for permanent sealing
... moisture -proof, damage -
proof.

Pigtail of stiff wire soldered
to terminal band for positive,
nonbreakable connection.

. . smaller than
a cigarette!

GENUINE wire -wound vitreous enameled
units reduced to most compact dimen-
sions. Nothing sacrificed except trouble-

some bulk. Just the thing for space -saving as-
semblies. Truly Junior Resistors . . . small
brothers to the higher wattage, larger units of
the Aerovox Pyrohm line.  Write for latest
catalog covering complete condenser and re-
sistor listings.

CORPORATION
71 Washington St., Brooklyn, N. Y.

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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DB indicators
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"Controlled pointer action" . . . ' the way sound engineers com-
pliment the unvarying response of Weston DB indicators. Skillful
engineering, and years of experience in the manufacture ,of DB

meters, accounts for this uniformity. Also, it explains the wide-
spread use of Weston DB indicators by communication engineers,
companies manufacturing monitoring control, and amateur broad-

casters . . . everywhere. The line consists of three types . . . High

Speed-Low Speed-and General Purpose . . . to meet all require-
ments. Full details available in bulletin form . . . Weston Electrical
Instrument Corporation, 589 Frelinghuysen Avenue, Newark, N. J

WE S TON Its/rumen&
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ENGINEERING
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Course
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HE proven performance of Erie
Resistors under all types of operating
conditions has won for them a
recognized reputation of quality and
dependability. The booklet "Check
Everything" tells why Erie Resistors

will improve radio receiver operation.

Write for your copy today.

ERIE RESISTOR CORPORATION
4 ERIE. PA.>

Factories in ERIE, PA. -TORONTO, CANADA - LONDON, ENG.
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THE manufacturer who supplies his
otherwise perfect receiver with an in-
ferior control is skating on "thin ice."
For smooth, trouble -free, noiseless

control is absolutely essential
to proper performance
. . . and the story of

more than twenty million

CENTRALAB Controls is

N

z&12;2;!i;,/,A

the story of SMOOTH CONTROL.

. . . and the reason: the CENTRA-

LAB non -rubbing contact whereby a
strip of polished metal rocks on the

resistor . . . and the only rub-

bing action is between an oil -
less wood bearing and the
polished metal.
Specify CENTRALAB.

CENTRALAB Division of Globe -Union Mfg. Co., Milwaukee
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Rochester Fall Meeting
November 18, 19 and 20, 1935

Hotel Sagamore

FULL DETAILS of an interesting tech-

nical program to be presented at the

Rochester Fall Meeting are given on page

1269 of this issue. You are cordially invited

to attend this meeting and participate in

the activities scheduled.



"USED CONSTANTLY"

Type 650-A
Impedance;

Bridge

$175
In U. S.

and Canada

SAY many of the hundreds of purchasers of this universal bridge.
. . . It is self-contained, portable, and ready to measure re-

sistance, inductance, capacitance, dissipation factor and energy
factor at any time. . . . Its accuracy is more than sufficient for all
commercial requirements. . . . Its direct -reading feature over all
ranges adds considerably to its popularity amongst laboratory
workers.

Write for Catalog H -R2 for Complete Details

GENERAL RADIO COMPANY
30 State Street

Cambridge A Massachusetts
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