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Tbe 3n5titute of abio (Engincer5 

GENERAL INFORMATION 

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

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

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

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

REPRINTING PROCEEDINGS MATERIAL. The right to reprint portions Or abstracts 
of the papers, discussions, or editorial notes in the PROCEEDINGS is granted 
on the express condition that specific reference shall be made to the source 
of such material. Diagrams and photographs published in. the PROCEEDINGS 
may not be reproducedwithout making specific arrangements with theInstitute 
through the Secretary. 

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

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

Published monthly by 

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

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

330 West 42nd Street, New York, N. Y. 
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INSTITUTE SECTIONS 

ATLANTA  Cha M U M,  I. 11. Gerks; Secretary, N. B. Fowler, 10 IS Woodland 

Ave. S.E., Atlanta, Ga. 
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CiNciNmATt—Chairman, C. D. Barbulesco; Secretary, R. L. Freeman, Crosley 
Radio Corporation, Cittrinnati, Ohio. 

CLEvELANo —Chairman, R. Morris Pierce; Secret ary, .1. S. 11 111, 3325 Beechwood 

Ave., Cleveland Heights, Ohio. 

C ONNECTICUT VALLEY— Chair man, .1. A. Hut cheson; Secretary, E. E. Schwarzen-

bach, 42 Northwood St., Chicopee Falls, Mass. 

DETROIT—Chairman, E. C. Denstaedt; Secretary, Howard S. Gould, 214 

Tuxedo Ave., Detroit, Mich. 

E MPORIU M— Chair man, Raymond R. Hoffman; Secretary, L. E. West, Hygrade 

Sylvania Corporation, Emporium, Pa. 

Los A NGELES— Chair man, C. R. Daily; Secretary, I. W. Howard, 525 West 

Central St., Anaheim, Calif. 

NEw ORLEAxs —Chairman,  Du. Trod; Secret:try, C. B. Reynolds, Radio-
marine Corporation of America, 512 St. Peter St., New Orleans, La. 

PHILADELPHIA— Chair man,  Knox NI c lwain ; Secret:try, R. U. Snyder, 103 

Franklin Rd., Glassboro, N. J. 

PITTSBURGH— Chair man,  Lee Sutherlin; Secretary, Branko Lazich, Union 

Switch and Signal Company, Swissvale, Pa. 

R OCHESTER— Chair man, E. C. Karker; Secretary, H. A. Brown, S9 East Ave., 

Rochester, N. V. 

SAN F RANCISCO— C hair man, Robert Kirkland; Secretary, Henry Tanck, RCA 

Communications, Inc., Bolinas, 

SEATTLE— Chair man, Earl D. Scott; Secretary, Harold C. Hurlbut, 2633-11th 
Ave. N., Seattle, Wash. 

T ORONTO— Chair man, L. M. Price; Secretary, R. Klingelhoeffer, International 
Resistance Company, 187 Duchess St., Toronto, Ont., Canada. 

WAsuncoTaN —Chairman, Chestei• L. Davis; Secretary, Gerald C. Gross, Mt. 
Vernon Ave. and Carter's Lane, Oakerest, Alexandria, Va. 

Hayslett; Secretary, E. C. Wand, 235 
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GEOGRAPHICAL LOCATION OF MEMBERS ELECTED 

MARCH 4, 1936 

Transferred to the Fellow Grade 

New Jersey  Camden, RCA Manufacturing Co., Inc    Maloff, I. C. 
Pennsylvania  Emporium, 104 W. 6th St    Carter, E. F. 

Mt. Airy, Philadelphia, 710 W. Allen's Lane.  Holland, W. E. 

Transferred to the Member Grade 

Minnesota  St. Paul, St. Paul Hotel  Skitter, II. R. 
New York  Tuckahoe, 240 Alpine Pl..  Chinn, H. A. 
Ohio  Dayton, Aircraft Radio Lab., Wright Field  Haller, C. L. 
Pennsylvania  Philadelphia, 4300 York Rd.  Robinson, Ti. A. 

Elected to the Member Grade 

Indiana  Fort Wayne, 901 Prange Dr...    Cornell, J. I. 
Australia  Sydney, N.S. W., Amalgamated Wireless Valve Co., Ltd., 47 

York St.   Smith, F. L. 
England  London W.C. 2, Marconi Offices, Electra House, Embank-

ment    Robb, J. G. 
Washford Cross, Somerset, British Broadcasting Corp  Humphreys, H. F. 

District of 
Columbia  Washington, 1650 Harvard St. N. W.    Bates, J. F., Jr. 

Florida  Gainesville, University Station   Von Dohlen, II. W., Jr. 
Illinois  Chicago, Commonwealth Edison Co., 2233 S. Throop St...  Donaldson, R. J. 

Chicago, 501 E. 9th St.  Gray, D. 
Chicago, 948 Edgecomb Pl.  Rennick, J. L. 
Des Plaines, 524 Arlington Ave.   Bottorff, P. A. 

Indiana  Oxford  Bloom, G. 
Kentucky  " Ludlow, 272 Deverill St.  Reynolds, D. J. 
Maryland  Talcoma Park, 219 Holly Ave.  Morris, T. W. 
Massachusetts Fall River, 61 Forest St.   Goldman, S. 

Marion, c/o RCA Communications, Inc.  Backus, C. H. 
Roslindale, Boston, 30 Grandview St.  Gross, F. A. 

Michigan  Jackson, 701 W. Michigan Ave   Guyton, J. H. 
Nebraska  Clay Center, c/o Radio Station K M MJ.  Price, M. A. 
New Jersey  Plainfield, 1406 W. 4th St  Siegelin, C. 0. 
New York  Brooklyn, 354th PI  Patrone, E. F. 

Buffalo, 966 Lafayette Ave   Croysdill, W. T. 
Buffalo, 77 Richmond Ave  Koontz, K. K. 
Buffalo, 715 Amherst St.   Neelon, W. J. 
New York, Pupin Physics Labs., Columbia University..  Hughes, H. K. 
New York, Columbia Broadcas ting  System, 485 Madison 
Ave    

 Hutcheson, G. C. 
New York, 484 Convent Ave   White, F. E., Jr. 
Nyack, Oakwood Dr.   Ames, J. T. 

Ohio  Cleveland, 1895 E. 75th St  Roolik, H. V. 
Springfield, 634 Rice St.  Ebert, H. J. 

Pennsylvania  Emporium, 427 W. 6th St    Armstrong, W. M. 
Emporium, 4 W. 4th St    August, N. P. 
Emporium, Hygrade Sylvania Corp   
Emporium, 330 E. 3rd St..  Bateman, F. M. 

Bennett, R. G. 
Emporium, 321 W. 5th St    Burns, M. D. 
Emporium, 126 E. 4th St.   
Emporium, 314 W. 5th St.    Cunningham, S. M., Jr 
Emporium, Tube Application Dept., Hygrade Sylvania Corp Cunningham, W. S. 
Emporium, 307 E. 4th St.  Dehlinger, W. 
Emporium, 323 W. 5th St    Ehlers, H. A. 
Emporium, 203 E. 5th St.  Elliott, W. A. 
Emporium, 100 W. 5th St   
Emporium, 108 E. 6th St.  Erickson, P. W. 

Fraenckel. V. II. 
Emporium, 36 W. 4th St.   Gannon, T. P. 
Emporium, 417 Maple St.  Gunnell, G. T. 
Emporium, 606 Vine St    Hoffman, M. C. 
Emporium, 315 E. Allegany Ave  Imboden, G. J. 
Emporium, 112 W. 5th St   
Emporium, 4 E. 6th St.  Jordan, A. D. 

Kahl, M. I. Emporium, Hygrade Sylvania Corp.   
Emporium, 21 W. 2nd St.  Keen, A. W. 

Larson, E. P. 

Elected to the Associate Grade 

Alabama  Selma, 114 Water Ave   Roberson, A. M. 
California  Oakland, Boeing School of Aeronautics, Oakland Airport..  Bainbridge, R. M. 

San Pedro, U.S.S. Oklahoma  Ryan, C. M. 
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Geographical Location of Members Elected 

Emporium, 214 IV. 4th St.  Nlelzer, H. 
Emporium, 20 \V. 6th St.    Overmier, E. E. 
Emporium, 24 E. 60 St  Palmateer, 11. E. 
Emporium, 220 IV. 4th St     Poinfrett, J. NI. 
Emporium, 305 LI. 3rd St  Ratchford, IL I.. 
Emporium, 211 E. 4th St. .   Raudenbush, ( '. 
Emporium, 513 Wood St.    Welsh, W. •C. 
St. Marys, 252 N. St. Marys St.   Hoffman, E. J. 
St. Marys, c io Speer Carbon Co...  May, NI. S. 

Virginia  Alexandria, Luray and l(rd St     Beach, A. I?. 
Australia  East Brisbane, Queensland, Stanley Ter...  .   Iturmester, (1. ( 
Canada  Prince Rupert, B.C., Digby Island Radio   .Nlellor, S. J. 

Winnepeg, Manit, 327 Bannerman AVO   ..Zentner, A. 
China  Hong Kong, 55 Wuhu St., Hung Hom, Kowloon...  .Chung, W. Y. 
England  Barnsley, Yorks, 121 Racecommon 11(1.   . Dyson, G. N. 

Coventry, 49 V1 ayeley Rd   ..sharp, S. 
London E. 4, 136 Cherrydown Ave., S. Chingford.  . .  . Roberts, R. S. 
South Farnborough, Hants, Royal Aircraft Establishment . _Williams, (l. 
Surbiton, Surrey, 3 Berrylands    Jeffrock, .1. P. 

Italy  Napoli, Via G. Bonito 33   .Valenzuela, E. 
Japan  Hoten City, Nlanclotkuo, M.I.T. Co., Hoten Central Tele-

graph Office     Ix urose, I. 
Shimizu-hososho, Nr. Kumamoto, Radio Station it IN   I )17t 
Tokyo, 109 Naka-Negishi, Shitaya     S1;:34)-7  t' . inIa, \i. 

Straits 
Settlements Singapore, c/o Messrs. Paterson, Sy11101IS 1111d CO. Ltd., Collyer 

Quay    Willoughby, E. ( I. 
West Australia Claremont, 14 Loftus St   .Greer, N. C. 

Elected to the Student Grade 

California  Berkeley, 2417 Durant Ave. 
Huntington Park, 3113 Broadway.. 
Mill Valley, 74 Sycamore Ave..... 

Connecticut  New Haven, Box 1390 Yale Station.. „ 
Illinois  Champaign, 209 E. John St.   
Indiana  Fort Wayne, 60S W. Jefferson St.   

Fort Wayne, 60S W. Jefferson St.... 
Fort Wayne, 121 E. Washington St... 

Massachusetts Cambridge, NELT. Dormitories.   
Minnesota  Owatonna. 
New Jersey  Nutley, 49 Conover Ave ....... ... . . .. . . .... . . Barlow, W. A. 
New York  Riverdale-on-Hudson, 5001 Goodridge Ave....  .... 7" ... .Baum, D. C. 

St. Albans, L.I., 114-3S-175th P1   ..N1cDougall, J. A. 
Ohio  Cleveland Heights, 160S Eddington Rd....  .Weiss, II. M. 

Deshler  Brown, M. 
Yellow Springs, Xenia Ave.    Carr, D. 

West Virginia  Parkersburg, 1624 Lynn St   • , .. .. , .Kirk, J. W"., Jr. 
England  London N. 1,13 Phillip St   .Mercer, J. F. W. 

llobrecht, 3, P. 
• Werner, NV. 
. Rehr-Meer, I). S. 
.1.Villiams, E. M. 
.Stoddert, 
Erisman, II., Jr. 
Gilder, .1. 
.Toy, E. S. 
Campbell, .1. A. 

 Iliwer,  NI., Jr. 

The following names were incorrectly listed on page V of the December, 1935, issue of the Pito 
CEEDINGS. 
China  Shanghai, Chiao-Tung University .  Chang, C. H. 

Shanghai, Chiao-Tung University  Chen, Z. M. 
Shanghai, Chiao-Tung University  Fang, T. 
Shanghai, Chiao-Tung University  Chang, S. T. 
Shanghai, Chiao-Tung University    Chen, Z. Y. 
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APPLICATIONS FOR MEMBERSHIP 

Applications for transfer or election to the various grades of membership 
have been received from the persons listed below, and have been approved by 
the Admissions Committee. Members objecting to transfer or election of any of 
these applicants should communicate with the secretary on or before April 30, 
1936. These applications will be considered by the Board of Directors at its meet-
ing on May 6, 1936. 

For Election to the Associate Grade 

California  13olinits, Box 144  Maccono, F. J. 
Inverness    Oates, T. L. 
Long Beach, 835 E. Hill St.  Hall, F. W. 
Los Angeles, 1533 Wilshire Blvd.  Eastman, F. F. 
San Pedro, USS Pennsylvania  Tucker, D. P. 

Connecticut  Coscob, c/o R. D. Dykema, Cognev,•augh ltd   Do Waard, R. 
District of 
Coluinbia  Washington, 3109-24tb St. N.E.  Linger, R. A. 

Washington, 922 National Press Bldg.  Poast, L. M. 
Florida  Tallahassee, Radio Dept., Florida A. and M. College  Orr, II. R. 
Georgia  Atlanta, 995 Delaware Ave. S.E.  Stephens, H. W. 

Atlanta, 774 Sherwood Rd. N.E  Trammell, R. D. 
Quitman, Box 367  Underwood, F. C., Jr. 

Illinois  Chicago, 3629 Pine Grove Ave    Argent°, H. F. 
Chicago, Radio Lab., United Air Lines, Municipal Airport  13uekthal, E. P. 
Chicago, RCA Communications, 114 W. Adams St.   Hutchens, R. D. 
Chicago, c/o Jackson Distributing Co., 1122 W. Jackson 
Blvd.   Marks, M. 
Chicago, 1122 W. Jackson Blvd    Wells, W. J. 
Fort Sheridan.  Benfer, E. L. 

Indiana  Columbus, 1628 Cottage Ave.  Crouch, J. 
Kansas  Cencordia, 707 W. 7th St.  Young, K. A. 
Louisiana  Shreveport, Box 17.    Antony, W. E. 

Shreveport, Box 248, Queensboro Station    Garre tt, E. D. 
Maine  - Bangor, c/o Radio Station WABI  Hodgkins, R. W. 
Massachusetts Holyoke, 151 Dartmouth St.  Webber, F. G. 

Malden, 51 Concord St   Rich, G. C. 
Salem, 35 Dearborn St.    Ellithorn, H. E. 

Michigan  Ann Arbor, 929 Olivia   Morton, J. A. 
New Jersey  Bayonne, 1084 Boulevard  Brady, J. S. 

East Orange, 48 Amherst St.  Peet, E. C. 
Merchantville, 1800-48th St., Delaware Gardens  Wentworth, C. 
Nutley, 331 Park Ave  Curtis, L. B. 
Summit, Box 1.  Lamb, .1. M. 
Whippany, P.O. Box E    Goss, F. A. 

New York  Brooklyn, Clarostat Mfg. Co., Inc., 285 N. 6th St    Hall, It. E. 
Brooklyn, Clarostat Mfg. Co., Inc., 285 N. 6th St    Mueller, G. .1. 
New York, 463 West St.  Keller, A. C.  ' 
New York, 560 W. 113th St.  Klinke, H. 0. 
New York, Bell Tel. Labs., 180 Varick St  Lenigan, 'I'. E. 
New York, 295 Madison Ave    Pfeffer, N. 
New York, c/o Weston Electrical Instrument Corp., 50 Church 
St  Sievers, E. S. 
New York, 147 E. Gist St    'fallacy, P. 
Troy, 1834 Highland Ave.  Stoker, W. C. 

North Carolina Raleigh, 124 Groveland Ave    Hulick, H., Jr. 
Pennsylvania  Emporium, 120 E. 4th St..  Campbell, V. H. 

Philadelphia, 1613 N. 16th St  Marble, F. C. 
Philadelphia, 3817 Elsinore St  Marshall, B. T. 
Pittsburgh, 1940 W. Homestead St., N.S    Vogt, L. E. 

Texas  Del Rio, Box 25   Cammack, W. R 
Laredo, Box 410    Meza, .1. 0. 

Australia  Sydney, N.S. W. ' 221 Gale Rd., Xlarsubra  Stirk, F. .1. 
Canada  Schumacher, Out., Box 440  Parsons, A. B. 

Toronto, Ont., 187 Duchess St    Longstaffe, .1. R. 
England  East Molesey, Surrey, 6 Summer Ave.  Moon, J. L. 

Flixton, Lancs., 5 Ashley Ave.    Veevers, J. F. 
Hadley Wood, Herts., Barngate, Waggon Rd  Taylor, W. 
London S.E. 20, 130 Anerley Rd..   Goodchild, F. D. 
• London Wall, London E.C. 2, 426 Salesbury House  Johnson, D. H. 
Sheffield, 429 Staniforth Rd.  Kitching, F. 0. 

Germany  Berlin-Britz, Parclumer-Allee 73c  Passarge, G. 
Japan  Tokyo,  Shingo-hoso.iyo,  Shingo-Mura,  Kititadachi-gun, 

Saitama-ken .  Sakai, N. 
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Malta  Calafrana, MA X. Station  Parry, R. C. 
New Zealand  Fending, c/o Radio Sales and Service Co.  McEwen, K. D. 
Poland  Warsaw, Targowa 32 m.8    Rabecki, W. 

South Africa  Johannesburg, 43  Olivia Rd., Berea. .    Wendrow, R. 
Kensington, Transvaal, 28 Cumberland Rd  Hutchinson, M. 

Sumatra  Palembang, N. K. P. M. Soenggi Garden    Lytle, T. M. 

For Election to the Junior Grade 

Florida  Miami, 283 N. W. 59th Terrace  Haeger, J. R. 
New Jersey  Salem, P.O. Box 237  McCloskey, .1. D. 
Mexico  NUM) Laredo, Tamps., Belden 1001.  Loyo Gomez, F. 

For Election to the Student Grade 

California  Berkeley, 2632 Channing Way...  Kramer, F. S. 
Oakland, 3847 Randolph Ave    Mole, .1. 

Indiana  Fort Wayne, 533 E. Wayne St    Palguta, E. M. 
Massachusetts Cambridge, Box 115, Mass. Inst. of Tech   Adams, .1. C. 

Cambridge, 76 Crozier Rd.  Mooney, V. .1. 
Michigan  Ann Arbor, 802 Oaldand Ave.  Evans, H. W. 

Detroit, 11700 Ilene Ave  Hart, A. D. 
Detroit, 9418 Manor Ave.  Shimkus, A. 

Nevada  Reno, 702 West St.  Greulich, R. A. 
New York  New York, 704 Livingston Hall, Columbia Univ.  Marshall, R. W. 
Ohio  Cincinnati, 125 W. McMillan St.  Grinstead, C. E. 

Columbus, 207 W. 11th Ave    Prehn, L. D. 
Oklahoma  Norman, 800 Chataugua  Waller, .1. L., Jr. 
Washington  Seattle, 3879-44th Ave. N.E.  Alvensleben, G. V. 

Seattle, 3631-43rd Ave. N.E.  Guptill, H. 

•••>---•.C2)>-0-<e7.-- •-<••• 

VII 



Proceedings of the institute of Radio Engiweers 

Volume 24, Arumber 4  A pril, 1986 

APPLICATIONS FOR MEMBERSHIP 

Applications for transfer or election to the various grades of membership 
have been received frorn 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 April 30, 
1936. These applications will be considered by the Board of Directors at its meet-
ing on May 6, 1936. 

For Election to the Associate Grade 

California  I3olinas, Box 144  Maccono, F. J. 
Inverness Oates, T. L. 
Long Beach, 835 E. Hill St    Hall, F. W. 
Los Angeles, 1533 Wilshire Blvd.  Eastman, F. F. 
San Pedro, USS Pennsylvania  Tucker, D. P. 

Connecticut  Coscob, c/o R. D. Dykema, Cognewaugh Rd   De Waard, It. 
District of 
Columbia  Washington, 3109-24th St. N.E   Linger, It. A. 

Washington, 922 National Press Bldg.    Poast, L. M. 
Florida  Tallahassee, Radio Dept., Florida A. and M. College  Orr, IL It. 
Georgia  Atlanta, 995 Delaware Ave. S.E.  Stephens, II. W. 

Atlanta, 774 Sherwood Rd. N.E.    Trainmen, It. D. 
Quitman, Box 367  Underwood, F. C., Jr. 

Illinois  Chicago, 3629 Pine Grove Ave   Argent°, II. F. 
Chicago, Radio Lab., United Air Lines, Municipal Airport  Buckthal, E. P. 
Chicago, RCA Communications, 114 W. Adams St  Hutchens, R. D. 
Chicago, c/o Jackson Distributing Co., 1122 W. Jackson 
Blvc..   Marks, M. 
Chicago, 1122 W. Jackson Blvd    Wells, W. J. 
Fort Sheridan    Benfer, E. L. 

Indiana  Columbus, 1628 Cottage Ave   
Kansas  Cencordia, 707 W. 7th St   Crouch, J. Young, K. A. 
Louisiana  Shreveport, Box 17 .  Antony, W. E. 

Shreveport, Box 248, Queensboro Station   
Maine  , Bangor, c/o Radio Station WABI  Garrett, E. D. Hodgkins, R. W. 
Massachusetts Holyoke, 151 Dartmouth St.  Webber, F. G. 

Malden, 51 Concord St. .  Rich, G. C. 
Salem, 35 Dearborn St.   

Michigan  Ann Arbor , 929 Olivia   Ellithorn, H. E. 
 Morton, J. A. 

New Jersey  Bayonne, 1084 Boulevard  Brady, J. S. 
East Orange, 48 Amherst St.  Peet, E. C. 
Merchantville, 1800-48th St., Delaware Gardens   Wentworth, C. 
Nutley, 331 Park Ave   S  Curtis, L. 13. 
Summit, Box 1    Lamb, .1. M. 
Whippany, P.O. Box E   

New York  Brooklyn, Claros tat Mfg. Co., Inc.,  285 N. 6t h St   Goss, F. A.  Hall, It. E. 
Brooklyn, Clarostat Mfg. Co., Inc., 285 N. 6th St   Mueller, G. J. 
New York, 463 West St.    Keller, A. C.  . 
New York, 560 W. 113th St  Klinke, II. 0. 
New York, Bell Tel. Labs., 180 Varick St.  Lenigan, T. E. 
New York, 295 Madison Ave    Pfeffer, N. 
New York, c/o Weston Electrical Instrument Corp., 50 Church 
St.  Sievers, E. S. 
New York, 147 E. Gist St    Tahney, P. 
Troy, 1834 Highland Ave.    Stoker, W. C. 

North Carolina Raleigh, 124 Groveland Ave    Hulick, H., Jr. 
Pennsylvania  Emporium, 120 E. 4th St   

Philadelphia, 1613 N. 16th St.  Campbell, V. H. 
Marble, F. G. 

Philadelphia, 3817 Elsinore St..  Marshall, B. T. 
Pittsburgh, 1940 W. Homestead St., N.S    Vogl, L. E. 

Texas  Del Rio, Box 25   Cammack, VV. It 
Laredo, Box 410    Meza, .1. 0. 

Australia  Sydney, N.S. W. 221 Gale Rd., Marsubra .  Stirk, F. .1. 
Canada  Schumacher, Out., Box 440  Parsons, A. B. 

Toronto, Ont., 187 Duchess St    Longstaffe, .1. R. 
England  East Molesey, Surrey, 6 Summer Ave   Moon, J. L. 

Flixton, Lancs., 5 Ashley Ave.    Veevers, J. F. 
Hadley Wood, Herts., Barngate, Waggon Rd  Taylor, W. 
London S.E. 20, 130 Anerley Rd   Goodchild, F. D. 
• London Wall, London E.C. 2, 426 Salesbury House  Johnson, D. H. 
Sheffield, 429 Staniforth Rd.    Hitching, F. 0. 

Germany  Berlin-Britz, Parchnner-Allee 73c.   assarge, G. 
Japan  Tokyo,  Shingo-hosojyo,  Shingo-Mura,  Hitaadachi-gun, 

Saitama-ken .  Sakai, N. 
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pplicatiorl for  einbrr.hip 

Calafratin,  Station    'Parry, IL C. 
Z ! rd  I eildinv,  r, I dir Sfl lr rrrdSr2rvire, ('r,   ..MeEwen, K. I). 

rcm•o. a :12 tusS     Itabeeki, 
c.frir.%  ioliarine-burv, .1:1 Olivia lid., Berea.  Wendrow, 

ken-inytori, 'Fran,vartl, 2 ('IunlwrIand ltd.    Ifuteliiru.on. M. 
l'al( mbariv, N. K. I'. ..\1.  C•ardeti...    Lytle, T. M. 

For Election to the Junior Grade 

Miami, 2:1 N. W. 5'.Itli "lerrare     Utterer, .1. IL 
*dem, l'.(). 11ox 2:17 .    NIe.Clo,kcy, .1. 1). 

1 rorlft, "I'nritp.., Itrlden 1001  toy° (loroez, F. 

For Election to the Student Grade 

I ,,ir,i,,  Ih-rhrtr.y, 202 CIL:minim,. Way   Krampr, F. S. 
Gal.larid,:',,K17 Ithndolpli Ave... .    Mole, .1. 

Imlir,..r.,..  1 or t \',';iyrir., r,'.;';', F. Wayne St     l'altui)a, E. M. 
Mr: --,I,1 ,t ! ( .;trfil PI' id '.',,, Ii()X 115, Mir- ,. ifru.t. of Tee!  i..  Adatrvi, .1. C„ 

Canibrirlve, 71; Grozier ltd.   :\looriey, V..1. 
'jr  .1 n ri .1 rhor, 1.12 Oakland Ave..   Evans, II. \V. 

Detroit, 1179(1 Ilenu Ave.  Hart, A. I). 
IIitrolt,tillti MatiOr Aye.     ShitnIcus, A. 

f  n'Ia  li en1 0,  7 9 2  \\ -(. j  '''t.    (1 r(!tili rli,  H .  A. 
'..,-Y.,.. lorl:, 701 Livinp.-,Ion (kill, Columbia Kniv   . Marliall, I). NV. 

i  Cuff:Monti, 125 \A'. NIr. \Nino St..  ..(1ritisftad, (. E. 
(',.liirolpr, 207 'W. 11th Ave.     l'rPliti, I,. I). 

l',I Vi. ,.rw-r.  .'..-orrw,t), hfif) Chti.t.%iir.,IR • • . •    \Valler, .1. I,., Jr. 
‘,', 1' Irvi n  .--,,, ,ttl ,, :;79-41 t It Ave. '‘: I.    Alvetulehen, K. V. 

111 ,, '.%'..',1-1:',rd Ayr., N.E.  Guldt11, II. 
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INSTITUTE NEWS AND RADIO NOTES 

March Meeting of the Board of Directors 

The regular monthly meet ing of the Board of Directors was held in 
the institute office on  larch I, 1036. Those present were Alan Hazel-
tine, president ; Melville East ham, treasurer; E. 11. A mist Fong, Arthur 
Batcheller, Virgil NI. Graham, E. C. F. :Iloilo, C.  l. Jansky, Jr., U. -Al. 
Turner, William Wilson, and H. P. Westman, secretary. 

V,. F. Carter, W. E. Holland, and 1. G. -Ahdoff were transferred to 

Fellow grade, and U. A. Chinn, G. L. Haller, H. A. Robinson, and 
R. Skifter were transferred to I ember. J. 1. Cornell, It F. Humphreys, 

J. G. Robb, and F. L. Smith were admit t (41 to Member grade. Seventy-
four applications for Associate membership and eighteen for Student, 

grade were approved. 
Some additional committee appointments were made and the com-

plete list, of those serving on Institute committees is given elsewhere in 

this issue. 

Joint IRE-URSI Meeting 

A joint meeting of the American Section of the International Scien-
tific Radio Union and the Institute of Radio Engineers will be held on 

May 1, 1036. There will be two sessions at, the building of the National 
Academy of Sciences, 2101 Constitution Avenue, Washington, D.C., 
beginning at 10 A. M. and 2 P. M. Papers will be limited to fifteen minutes 
each to allow time for discussion. The preliminary program given be-
low had been arranged at, the time of going to press. 
It is expected that, reduced railroad rates will be available to mem-

bers of the IRE and URSI from April 20 to May 2 and that, tickets 
so purchased will be good for thirty days. If the special rates are made 

available, the certificates required for validation may be secured by 
application about April 1, to S. S. Kirby, Technical Secretary, Ameri-
can Section URSI, National Bureau of Standards, Washington, D.C. 

PRELIMINARY PROGRAM 

"Solar Radio Disturbances," by J. H. Dellinger, National Bureau of Stand-

ards. 
"Polarization of Radio Waves from the Ionosphere near the Geomagnetic. 

Equator," by L. V. Berkner.and H. W. Wells, Carnegie Institution of Washing-

ton. 
"Multifrequency Ionosphere Recording," by T. R. Gilliland, National 

Bureau of Standards. 
"Anomalies in the Magnetoionic Difference Frequency of the Ionosphere," 

by J. P. Schafer and W. M. Goodall, Bell Telephone Laboratories; 

543 
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"Recent Correlations between the Ionosphere and High-Frequency Radio 
Transmission," by N. Smith, S. S. Kirby, and T. R. Gilliland, National Bureau 
of Standards. 

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

"The Reliability of Short- Wave Radiotelephone Circuits," by R. K. Potter 
and A. C. Peterson, Bell Telephone Laboratories. 

"Ultra-High-Frequency Transmission between RCA building and Empire 
State building in New York City," by P. S. Carter and G. S. Wickizer, R.C.A. 
Communications. 

"Organization of Activities for Survey Measurement and Elimination of 
Man-Made Interference," by L. C. F. Horle, consulting engineer. 

"Application of Fouriers Theorem to Directional Antenna Design," by 
I. Wolff, RCA Manufacturing Company. 

"Transmission of 'Electromagnetic Waves in Hollow Tubes," by W. L. Bar-
row, Massachusetts Institute of Technology. 

"Radiation from an Antenna over a Conducting Earth," by W. W. Hansen 
and J. G. Beckerley, Stanford University. 

"Development of an Improved Apparatus for the Measurement of Di-
electric Constants by the Heterodyne Beat Method," by R. T. Gabler, Carnegie 
Institute of Technology. 

"Applied Electron Optics," V. K. Zworykin, RCA 'Manufacturing Com-
pany. 

"Thermionic Tube Technique for the Measurements of Dielectric Constants 
of Gases at Radio Frequencies," by L. G. Hector, University of Buffalo. 

"Vacuum Tube Voltmeters for use at Ultra-High Frequencies," by L. S. 
Nergaard, RCA Manufacturing Company. 

"Cathode-Grid Bias in Tube Operation," by I. E. Mouromtseff, Westing-
house Electric and Manufacturing Company. 

• -"Unicontrol Radio Receiver for Ultra-High Frequencies Using Concentric 
Lines as Interstage Couplers," by F. W. Dunmore, National Bureau of Stand-
ards. 

Intended Substitution of the Practical Absolute System of Electrical 
Units for the Existing International System 

The following information was approved for general publication by, 
the International Committee of Weights and Measures at its meeting 
in October, 1935, at Sevres, France. 

(1) In accordance with the authority and responsibility placed 
upon it by the General Conference of Weights and Measures in 1933, 
the International Committee of Weights and Measures has decided 
that the actual substitution of the absolute system of electrical units 
for the international system shall take place•on the first of January, 
1940. 

(2) In collaboration with the national physical laboratories, the 
Committee is actively engaged in establishing the ratios between the 
international units and the corresponding practical absolute units. 
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Committee work 

MEMBERSHIP COMMITTEE 

The Membership Committee met in the Institute office on March 
4. Those present were F. W. Cunningham, chairman; H. A. Chinn, 
J. M. Clayton. I. S. Coggeshall, E. D. Cook, H. C. Gawler, H. C. Hum-
phrey, E. W. Schafer, Leslie Woods, and H. P. Westman, secretary. A 
major portion of the time was devoted to a discussion of higher grade 
memberships. 

TECHNICAL COMMITTEE ON RADIO RECEIVERS 

The Subcommittee on Test Procedures of the Technical Committee 
on Radio Receivers met in the Institute office on March 5. D. E. Foster 
chairman; L. F. Curtis, E. T. Dickey, H. A. Wheeler, and H. P. West-
man, secretary, were present. H. 0. Peterson, a member of the Techni-
cal Committee on Radio Receivers, was present as a visitor and Lloyd 
Espenschied and C. E. Pfautz attended in behalf of a committee which 
is preparing material for use at a forthcoming C.C.I.R. conference. 
The subcommittee completed its consideration of the existing re-

port and it is anticipated that its final report to the technical committee 
can now be made available. 

It discussed with the representatives of the C.C.I.R. preparatory 
committee, the preparation of a special report on the testing of broad-
cast receivers for use at a forthcoming international conference. 

Institute Meetings 

ATLANTA SECTION 

The annual meeting of the Atlanta Section was held on January 16 
at the Atlanta Athletic Club. I. H. Gerks, chairman, presided and there 
were eighteen members and guests present, eight of whom attended the 
informal dinner which preceded the meeting. In. the election of officers, 
Professor Gerks was re-elected chairman, P. C. Bangs of the Acoustic 
Equipment Company, was named vice chairman, and N. B. Fowler of 
the American Telephone and Telegraph Company was designated the 
secretary-treasurer. 

Professor Gerks presented a paper on "Stabilized Feed-Back Am-
fiers" which was introduced with a brief outline of feedback and the 
basic theory of amplification. Controlled feed-back amplifiers were 
then discussed and it was shown that when the feed-back voltage is of 
proper phase and magnitude, oscillation occurs. Use of feed-back volt-
age may be made to reduce noise, harmonic distortion, and hum in 
amplifiers. The paper was discussed by Messrs. Bangs, Fowler, and 
Reid. 
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BOSTON SECTION 

R. G. Porter, secretary-treasurer, presided at the December 20 
meeting of the Boston Section which was held at Harvard University. 
There were ninety present and seven attended the informal dinner 

which preceded the meeting. 
A paper by E. L. Chaffee, professor of physics of Harvard Univer-

sity was on "The Operating Characteristics of Power Tubes as Deter-
mined by Experimental Tests at Low Frequency." It was pointed out 
that operating characteristics of power tubes have hitherto been deter-
mined either by operating the tube under test at a radio frequency and 
making necessary measurements or by laborious calculations assuming 
an ideal path of operation or using static characteristics as a starting 
point. Dr. Chaffee presented a method in which measurements are 
made at low frequency with magntitudes of grid and plate voltages of 
the order employed in normal operation at a radio frequency. Test 
results were given by contours of constant power output, efficiency, 
tube loss, etc., on the cp-c, plane. These contours reveal best operating 
conditions for class B or C amplifiers or for operation as a self-excited 

oscillator. A method was presented for calculating contour charts from 
static characteristic curves and was based on a simplified method of 
harmonic analysis. The paper was discussed by Messrs. Barrow, Field, 

and Thiessen. 
BUFFALO-NIAGARA SECTION 

"Photoradio Analogs" was the subject of a paper by Austin A mer 
of the Magnavox Company given at the February 12 meeting of the 
Buffalo-Niagara Section, which was held at the University of Buffalo. 
L. E. Hayslett, chairman, presided and there were eighty present. 
The speaker showed graphs illustrating the performance of photo-

graphic emulsions and light filters with respect to frequency, speed, 
range, and intensity. These curves were compared with similar graphs 
of the characteristics of radio tubes and circuits. He discussed some 
existing phases connected with motion picture film having photo-
graphic sound track, and color, astronomical and other types of pho-
tography. 

CHICAGO SECTION 

H. S. Vance, chairman, presided at the February 21 meeting of the 
Chicago Section which was held in the RCAInstitutesAuditorium. The 
meeting was attended by 160, of whom twenty-six were present at the 
dinner which preceded it. 
A paper on "NBC Directional and Nondirectional Antenna De-

velopments and Notes on Factors Affecting Broadcast Station Cover-
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age" was presented by R. F. Guy and W. S. Duttera, radio engineers 
of the National Broadcasting Company. 

Mr. Guy presented the first part of the paper in which he discussed 
factors determining the coverage of broadcast transmissions and their 
relative importance. An antenna of uniform cross section with a lumped 
capacitance and tuning system at the top which permits the electrical 
length to be varied over wide limits was described. Measurements and 

fading records comparing this type with older designs showed definite 
advantages in favor of the newer form. Recordings from WPTF 
Raleigh, North Carolina, as far away as to the Rocky Mountains were 
shown as well as measurements taken in airplanes to indicate the ver-
tical field distribution. 

Mr. Duttera covered directive systems using two similar radiators 
and analyzed the effects of varying the phase relation between similar 
currents in two radiators and the spacing of them. A graphical method 
of calculating radiation from directive antenna systems employing 
radiators having any vertical characteristic was given. The radiation 
at high angles and along the ground were compared with various 
operating conditions and antennas having electrical lengths of ninety 
and 190 degrees. It was shown that high angle radiation is increased in 
certain types of directive systems and that consideration of this is of 
less importance where radiators inherently give small high angle radia-
tion. A comparision of directive and nondirective transmissions from 
WPTF indicated a gain of one hundred and twenty-five to one in volt-

age when employing a cardiod as compared with a circular pattern. 

CINCINNATI SECTION 

On February 6 the Cincinnati Section participated in the first joint 
meeting of the technical and scientific societies of Cincinnati which is 
comprised of ten local groups. The meeting was held at the Music Hall 

in Cincinnati and L. L. Bosch, chairman of the Council of these affi-
liated societies, presided. The attendance was 3000 and there were 
seventy at the informal dinner which preceded the meeting. 

"Man's Farthest Aloft" was the subject of a paper by A. W. Stevens 
Captain, U. S. Army Air Corps. He described stratospheric attempts 
made previous to his record-breaking flight of November 11, 1935. He 
then covered the preparations, take-off, flight and landing of the 
Explorer II and showed still and motion pictures taken from the 
balloon, the ground, and airplanes. 

CLEVELAND SECTION 

The January 23 meeting of the Cleveland Section was held at the 
Case School of Applied ScienCe and presided over by R. M. Pierce, 
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A device which responds to the capacitance of objects entering the 
field of a small antenna controls the operation of automatic spray 
painters and permits them to function only when an object to .be 
sprayed is located in front of them. The paper was concluded with a 
discussion of service difficulties in this field of engineering. 

NEW YORK MEETING 

A meeting of the Institute was held at the Engineering Societies 
Building in New York City on March fourth and was presided over by 
President Hazeltine. Six hundred and fifty members and guests were 
present. 

A paper on "The Application of Multipactors to Radio-Frequency 
Amplifiers and Oscillators" was presented by P. T. Farnsworth, vice 
president of Farnsworth Television, Inc. He presented as a brief review 
the history and the present scope of the electron multiplier art. The 
conditions necessary for electron multiplication were listed and modes 
of electron oscillation discussed. The requirements for energy transfer 
between an oscillating electron cloud and a radio-frequency field were 
pointed out and methods of controlling the amount of multiplication 
were considered. The construction and theory of a simple type oscilla-
tor were discussed and several tubes exhibited and described. Two prac-
tical methods for crystal controlling multipactor oscillators were de-
scribed, as was the use of the tube as a radio-frequency amplifier. A 
simple modulated oscillator of low power was demonstrated as was a 
two-tube multipactor oscillator-amplifier giving an output of 1000 watts. 
A number of those present entered into the discussion of the paper. 

PHILADELPHIA SECTION 

Knox McIlwain, chairman, presided at the February 6 meeting of 
the Philadelphia Section which was held at the Engineers Club and 
attended by 300. There were seventeen at the dinner. 
Two papers were presented, and the first by C. B. Foos of the tube 

engineering department of the General Electric Company was on 
"High Voltage Mercury-Pool Tube Rectifiers." It covered the ignitron 
type of rectifier in which conduction is established at the desired point 
in each cycle by passing a short pulse of current through an electrode 
of special high resistive material which dips into the mercury pool. The 
output voltage is controlled by adjusting the point in the cycle where 
conduction is started and these tubes have been successfully used for 
high voltage, high power rectifiers. Their advantages over hot cathode 
tubes lies mainly in their lack of emission and peak current limitations. 
They are superior to mercury-arc tanks in that they are single sealed-
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ultra-high-frequency portion of the spectrum. His contribution to 

the development of a new technique and new devices for ultra-high-
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tneasurements, and very small diodes for voltage determinations. 
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A device which responds to the capacitance of objects entering the 
field of a small antenna controls the operation of au toma tic spray 
painters and permits them to function only when an object to 'be 
sprayed is located in front of them. The paper was concluded with a 
discussion of service difficulties in this field of engineering. 

NE w YORK MEETING 

A meeting of the Institute was held at the Engineering Societies 
Building in New York City on March fourth and was presided over by 
President Hazeltine. Six hundred and fifty members and guests were 
present. 

A paper on "The Application of Multipactors to Radio-Frequency 
Amplifiers and Oscillators" was presented by P. T. Farnsworth, vice 
president of Farnsworth Television, Inc. He presented as a brief review 
the history and the present scope of the electron multiplier art. The 
conditions necessary for electron multiplication were listed and modes 
of electron oscillation discussed. The requirements for energy transfer 
between an oscillating electron cloud and a radio-frequency field were 
pointed out and methods of controlling the amount of multiplication 
were considered. The construction and theory of a simple type oscilla-
tor were discussed and several tubes exhibited and described. Two prac-
tical methods for crystal controlling multipactor oscillators were de-
scribed as was the use of the tube as a radio-frequency amplifier. A 
simple modulated oscillator of low power was demonstrated as was a 
two-tube multipactor oscillator-amplifier giving an output of 1000 watts. 
A number of those present entered into the discussion of the paper. 

PHILADELPHIA SECTION 

Knox McIlwain, chairman, presided at the February 6 meeting of 
the Philadelphia Section which was held at the Engineers Club and 
attended by 300. There were seventeen at the dinner. 
Two papers were presented, and the first by C. B. Foos of the tube 

engineering department of the General Electric Company was on 
"High Voltage Mercury-Pool Tube Rectifiers." It covered the ignitron 
type of rectifier in which conduction is established at the desired point 
in each cycle by passing a short pulse of current through an electrode 
of special high resistive material which dips into the mercury pool. The 
output voltage is controlled by adjusting the point in the cycle where 
conduction is started and these tubes have been successfully used for 
high voltage, high power rectifiers. Their advantages over hot cathode 
tubes lies mainly in their lack of emission and peak current limitations. 
They are superior to mercury-arc tanks in that they are single sealed-
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off half-wave units. A trial installation at, the South Schenectady trans-

mitt lug station was described. 
'Hie second paper was on "Electrical Measurements at Ultra-High 

Frequencies" and  L. S. Nergaard of the research and development, 
laboratory of RCA Radiotron presented it. In it, Dr. Nergaard point-
ed out that methods of measuring power, current, and voltage at, or-

dinary radio frequencies have failed to give reliable results in the 
ultra-high-frequency portion of the spectrum. His contribution to 

the development of a new technique and new devices for ultra-high-

frequency measurements include a signal generator covering from 
well  to 200 centimeters, thermo-couples for power and current 
measurements, and very small diodes for voltage determinations. 

Their limits and uses were discussed. 

ROCHESTER SECTION 

A paper on "Photoradio Analogs" was presented by Austin Ammer 
of the -Magnavox Company at the February 13 meeting of the Roches-
ler Section which was held at the Saga more :Hotel. There were fifty 

members and guests present and nine attended the dinner which pre-
ceded the meeting. This paper was identical to Hint, given at the Buff-
alo-Niag,ara Section meeting and is reported elsewhere in this issue. 
He paper was discussed by M essrs. llenderson,-Karker, and Schoen. 

SEATTLE SECTMN 

on  Jannary 31 a meeting of the Seattle Section was held at, the 
1 •Hiver-lty of,VVashingt on and presided over by E. 1). Scott, chairman, 

Thirty-ow! were preenl. 
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students of electrical engineering of the University of Washington. It. 
was agreed that the acceptance of these papers should be placed on a 
competitive basis and rules governing their grading were adopted. 
Prizes will be awarded for the best papers submitted. 

The February meeting of the Seattle Section held at the University 
of Washington with E. D. Scott presiding was attended by forty-five. 
A paper on "Notes on the Use of Rectifiers in Radio Equipment" 

was presented by H. J. Price, chief engineer of KXA. In it he discussed 
the design and use of single and polyphase rectifier circuits. He de-
scribed briefly high vacuum, mercury-vapor, and copper-oxide recti-
fiers. The paper was discussed by Messrs. Wallace, Woodyard and 
others. 

TORONTO SECTION 

L. M. Price, chairman, presided at the February 10 Meeting of the 
Toronto Section held at the University of Toronto. There were 130 
members and guests present and fourteen attended the dinner. 
A paper on "Police Radio" was presented by B. deF. Bayley, assis-

tant professor of electrical engineering at the University of Toronto. 
In it he reviewed the history of police radio from 1916 to date and in-
dicated the wide use of automobiles as an important factor in the neces-
sity for police radio installations. He pointed out that a signal level of 
one millivolt per meter for business districts, one-fifth millivolt for 
residential sections, and one-twentieth millivolt for rural areas had 
been found acceptable and sufficient to override normal noise found in 
those areas. High fidelity of reproduction is not necessary for this 
service and may be undesirable from the angle of noise. Receivers need 
not have a sensitivity in excess of fifty millivolts per meter but the 
selectivity must be relatively high as channels are eight kilocycles 
wide. With an average time of responding to calls of about two minutes, 
police radio cannot fail to have a marked influence on both the preven-
tion and correction of crime. It increases the efficiency of existing per-
sonnel by saving from five to thirty minutes on each call. 

WASHINGTON SECTION 

At the February 10 meeting of the Washington Section, which was 
held in the Potomac Electric Power Company auditorium, the attend-
ance was fifty. Twenty-one were present at the informal dinner which 
preceded the meeting. E. M. Webster, chairman of the Papers Com-
mittee, presided and a paper on "Theoretical Considerations of Direc-
tive Arrays" was presented by G. H. Brown of the engineering depart-
ment of the research division of RCA Manufacturing Company. 
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be of the order of 40,000 ohms or higher for audio power of the order 
of 300 to 400 watts; second, a bias system with essentially perfect 
regulation; and third, overcompensation, by which plate-voltage regu-
lation can be corrected, thus preventing the distortion now inherent in 
class B stages caused by shifting near to or past cutoff of plate current 
as the grid-voltage swing crosses its axis during conditions of low 
plate voltage brought about by heavy modulation. 

FUNDAMENTAL CIRCUIT 

For the moment let us consider the class B stage as a full wave 
rectifier (Fig. 1) as it is essentially identical as far as the action of ac-
cumulating additional bias during periods of grid current is concerned. 
That is, the grids, when swung positive, draw current exactly as in the 

Fig. 1—Basic class- B amplifier circuit. 

case of a rectifier. This results in developing voltage across the bias 
circuit resistance R, exactly as a rectifier does across its load. Now if 
we provide a variable load across AB as in Fig. 2 which is so biased by 
C2 that it draws no current from AB until the grid swings positive at 
G1G2 and so adjusted at P1P2 as to draw plate current at T3T4 equal 
to the grid current at G1G2 there will be no change in the bias voltage 
at AB. That is, tubes T3 T4 draw current from circuit AB of an amount 
exactly equal to the current delivered to circuit AB by grids G1G2 act-
ing as rectifiers. Thus the voltage AB will remain constant regardless of 
the amount of grid current G1G2. The only purpose of condenser M is 
to prevent loss of audio voltage in circuit AB. 

These are the conditions for perfect compensation of bias voltage 
regulation. In practice the fluctuation of bias voltage actually was too 
small to read on a standard Weston 301 meter where the reading was 
ninety per cent of full scale. 

OVERCOMPENSATION 

The conditions for overcorrection, in which the bias voltage is made 
to reduce as the plate voltage drops due to plate-voltage power supply 
regulation, are somewhat more involved for perfect compensation since 
this correction should start as soon as the class B plate current increases 
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Fig. 2—Fundamental regulator circuit. 
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to draw grid current, there can be no overcompensation for plate 
regulation except in the region of grid current on the class 13 stage. 
However, in practice there is generally no appreciable distortion due 

0 -30 

oo 10 20 30 40 50 60 70 80 90 100 110 120 130 140 
PLATE  CURRENT  OF ONE MODULATOR TUBE (MA) 

Fig. 4—Bias regulation compensator characteristics. Position 3 used for bias 
compensation only. Position 5 used for bias and plate supply regulation 
compensation. Nos. 0-8 represent positions of compensation control. 

to plate regulation until the class B stage is fairly well excited, which is 
generally up to the point that grid current starts to flow, since a slight 
fall of plate voltage up to this point generally is not sufficient to cut off 
the class 13 stage as the grid swing crosses its axis. Beyond the point of 
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Fig. 6—Harmonic content of modula-
tor output as a function of bias 
regulation compensator position. 

grid current, however, it is desirable to overcompensate the bias cir-
cuit, causing the bias to reduce with increased grid swing, thus prevent-
ing cutoff of the class B stage and serving not only to increase its out-
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put but also to provide a much more linear plate-current—grid-voltage 

characteristic. 
Following is a typical circuit with constants as used at W8131,Z. 

In this arrangement the adjustments are so set as to provide for bias 
regulation compensation and partial plate regulation compensation. 
Fig. 4 shows the action of the compensator tubes at various settings 

of the linear potentiometers which control the grid excitation of the 

type 48 tubes. 
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Fig. 7 Fund:um:ran] circuit, of combination bias and plate voltage 
supply regulation compensator. 
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For still more perfect compensation of plate regulation it is de-
sirable to make use of two more regulator tubes, the first pair biased past 
cutoff as described to compensate for bias regulation; the second pair 
being biased at cutoff to compensate for plate regulation at any value 
of grid swing instead of in the grid current region only as in the case 
of the above circuit. 

In specifying the correct value for condenser M it is well to re-
member that this condenser must first serve as audio-frequency return 
for the grid circuit and therefore must offer negligible impedance at 
the lowest audio frequency to be transmitted. This involves knowing 
the impedance of the class B grids at the highest excitation they are to 
handle. For example, if 203-A tubes are used and are excited to 155 
volts above 45 volts bias or 200 volts total, the grid impedance per grid 
will be E/I, or, for fifty milliamperes grid current, 200/0.050 = 4000 
ohms. The condenser should therefore not be in excess of 500 ohms 
reactance at thirty cycles or ten microfarads. 
The second function of this condenser is to provide the same time 

constant in the bias circuit as is present in the plate circuit. That is, 
the RC product, where R is the bias bleeder resistance (Figs. 3 and 7) 
and C the condenser, M should essentially be equal to the R'C' prod-
uct of the plate supply circuit where l?' is the resistance of the power 
supply primary reflected to half the secondary (for full wave rectifier) 
plus the resistance of half the secondary, plus the filter choke resist-
ance; C' being the total filter capacity. Since condenser M is fixed, it 
then follows that I? must be adjusted so as to make the two RC prod-
ucts equal. 

•••)- -.Seo >-  -< 62.--
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SCANNING SEQUENCE AND REPETITION RATE OF 
TELEVISION IMAGES* 

1)Y 

B. D. KELL, A. \. BEDFORD, AND M . A. TRAINER 
(RCA Manufacturing Company, Inc., Camden, New Jersey) 

Summary —This paper considers factors which affect the apparent steadiness 
of television images: namely, line flicker, flicker of the image as a whole, alternating-

current ripple in the deflecting circuits, alternating-current ripple in the video fre-
quency signal, and various kinds of beating of the alternating-current ripple with 
the various scanning frequencies. It is concluded that an integer ratio between 

alternating-current ripple frequency and frame frequency is very desirable for 
progressive scanning and is almost imperative for interlaced scanning. Interlaced 

scanning with a frame frequency of thirty per second and a field frequency of sixty 
per second fulfills the requirements in regard to flicker and the relations to alternating-
current ripple frequency for a sixty-cycle power source, and offers considerable net 
gain over other scanning procedures considered. The problems of both odd- and even-
line methods of interlacing are discussed and the odd-line method is found preferable. 

I NTRODUCTION 

1:-I Ell considerable experience with the experimental installa-i t ion previously described,' it WaS concluded that the most ob-
' I jectionable features of the television image were flicker and 

other unsteadiness.  . 
It is well known that, the frequency band required to transmit a 

television picture is proportional to the product of the picture detail 
and the frame frequency criu, f Fame frequency is the nuniber of times 
per second the picture area is completely scanne(l.) Since the available 
frequency band is limited, it is desirable to determine the picture rep-

etition rate which makes the optimum use of the frequency band 
will, regard to picture detail and freedom from flicker. This must be 

largely a matter of judgment where the psychological aspects are lull-
i\:; will he seen the decision will be influenced by other factors 

: uch a'H motion pint ure standards,existing power system f requency,and 

Hcanning!-.equence. 
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beam of electrons is deflected vertically by the magnetic field produced 
by a saw-tooth wave of current (Fig. 1(a) ) and horizontally by either 
a magnetic or electrostatic field produced by a saw-tooth wave of 
voltage of a much higher frequency (Fig. 1(b) ). The action of the 
two deflecting fields is to cause the light-sensitive screen of the icono-
scope or the luminescent screen of the kinescope to be uniformly 
scanned by the electron beam as shown in Fig. 1(c). In this as well as 
the following figures, the line frequency is shown as approximately 
200 cycles to facilitate illustrating, while in practice it is about 7000 
cycles. The return path for each line is shown dotted. 

(a) 
30 CPS VERTICAL 

I 
I 

1 1 
1 

240 CPS HORIZONTAL 

(b) 

(C) 

GENERATED PR77ERN 

1 
4 

7 

I L a  

J. 

Fig. 1— Generation of a progressive scanning pattern. 

ALTERNATING-CURRENT PO WER SUPPLY RIPPLE 

Alternating-current power-operated receivers contain sixty-cycle 
and 120-cycle disturbances in the direct voltage supplies which operate 
the receiver. In sound reception this is called "hum" but in the present 
paper the term "alternating-current ripple" will be used since the 
term "hum" implies audibility. 

Alternating-current ripple in cathode-ray television shows itself in 
several ways. When superimposed upon the deflection of the scanning 
beam it produces the wavy edges as shown in Fig. 2(a), in the case of 
the horizontal deflection, and causes the nonuniform spacing of the 
lines of the picture as shown in Fig. 2(b), in the case of the vertical 
deflection. When the ripple exists in the cathode-ray anode voltage 
supply, it alters the stiffness of the beam as regards deflection and 
thereby modulates the deflecting influence of both the deflecting waves. 
This effect upon the horizontal deflection is shown in Fig. 2(c). It 
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the observer is able or attempts to follow the elements of detail in their 
shifting of position, and a loss of resolution or blurring of the picture 
in so far as the eye fails to follow the shifting. The presence of sixty-
cycle ripple in the picture signal also causes a twelve-cycle flicker of 
portions of the picture. 

In case some picture repetition rate between twenty-four and thirty, 
say twenty-seven, is chosen, the "ripple pattern" will drift upward 
across the picture at the rate of about six cycles of ripple per second. 
At this rate, the eye would be able to follow the elements of picture 
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(a)SCHEMRT/C Or CO CPS, RIPPLE ON &I CI'S PROGRESSIVE SCAN 
PRITERN. ALSO EFFECT UPON VERTICAL DISZRIBUTION 

— 

—  

04 ALTERNATE  VERTICAL CYCLES FOR 24 CPS. PROGRESSIVE SCIIII PATTERN 
WITH GO cps. RIPPLE  ON THE  HORIZONTAL  DEFLECTION. 

Fig. 3 

• 
detail so that no appreciable loss of resolution would be observed but 

due to the propagation of the "ripple pattern" the picture would 
given an annoying effect of motion, similar to that experienced when 
viewing stationary objects submerged in water having waves on its 
surface. Figs. 4(a) and (b) show schematically some standing ripple 
patterns for various scanning conditions, while (c), (d), and (e) show 

some conditions for moving ripple patterns that repeat in two or three 
vertical scanning cycles. 

From the foregoing considerations and from tests, it seems desirable 
that the picture repetition rate be some integer submultiple of sixty, 
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such as ten, fifteen, twenty, or thirty. So far as continuity of motion 
in the picture is concerned, it is probable that fifteen or twenty would 
be high enough, although the motion picture Si:111(1:1rd is twenty-four 
per second. however, a much higher repetition rate is required in order 
to reduce picture flicker to a satisfactory level. From dat a previously 
presented about forty-eight pictures per second would be required even 
if no allowance is made for increase in picture brightness by future de-

velopment.' 

(1) :0 C P5 VECTP:PL 
G0 CP5 P ,Pc:t 

PL50 
40 C r5 rl , r,CPI. 

(d)45 CP5 Vf q77CPL 
C.0 CP5 P'"PPLE 

15,1 CP5 r,Pc:f 

(,) 40  c  C7iC ,L 

C 

(e) 45 C  yeCTIC.PL 
1:0 CP 5 Av'tPPLL 

Fig. -1—Schematic representation of alternating-current 
ripple on various scanning patterns. 

Since sixty has no integer submultiple between thirty and sixty, 
it would seem that the adoption of a repetition rate of sixty per second 
is required for operation from a sixty-cycle power source. Increasing 
the picture repetition rate and hence the frequency band in the ratio 
of sixty to fifteen to eliminate flicker may be giving flicker elimination 
the advantage in the compromise with picture detail. Yet. numerous 
tests have shown that thirty frames per Second is distinctly unsatis-
factory in regard to flicker. 

2 E. W. Engstrom, "A study of television image characteristics —Part II," 
Prtoc. I.R.E., vol. 23, pp. 295-310; April, (1935). 
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ODD-LINE INTERLACED SCANNING 

At least a partial solution of the problem has been provided by 
interlaced Scanning, in which alternate lines are scanned in successive 
vertical deflection cycles. Such scanning procedure is old in the televi-
sion art as produced by the scanning disk in which two or more spirals 
of apertures are used. In the case of two spirals the interlacing is ob-
tained by locating the apertures on the disk radii such that the aper-
tures of one spiral scan the even-numbered lines and the apertures of 
the second spiral scan the odd-numbered lines. 

An interlaced scanning pattern must be obtained in cathode-ray 
television by electrical methods. The odd-line method, as the name im-

( .--(G) (O C P3 ‘'EPTICPL. 

I I 
I I I 
I 
I  I 
I  I 

(b) 7/0 (p5 ,O P/ZO.A/TF7 

(C)GENEPRTED P,777-ERN 

. „    
-1; ;N. 

I  —;--- 2  

I 

I  p  3e 

,  --- - 

L7 I 

Fig. 5—Generation of interlaced scanning pattern by odd-line method. 

plies, makes use of an odd number of horizontal scanning lines for each 
two vertical scanning cycles. For example, the condition now con-

sidered optimum for a video frequency band of 750 kilocycles is 243 
lines in the complete picture, the frame frequency being thirty and the 
field frequency being sixty cycles. This makes the horizontal scanning 
frequency 7290 cycles and the lines per vertical deflection cycle 121:1. 
The half line left over at the end of each vertical cycle causes the 
alternate vertical deflection cycles to start 1S0 degrees apart with 
respect to the horizontal deflection cycle. Fig. 5 indicates how this 
will produce the interlaced effect. The lines 1, 3, 5, etc., are scanned 
during odd vertical saw-tooth cycles, whereas lines 2, 4, 6, etc. are 
scanned during the even vertical saw-tooth cycles. The arrows in the 
figure indicate the path of the scanning beam. Geometric construction 
for any point p in the pattern is shown by the broken line. (The light 
solid lines show a variaton in timing to be discussed later.) 
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Any one line is repeated only thirty times per second but no line 
flicker is perceptible because of the extremely small area occupied by a 
single line, and because of the small angle subtended at the eye by a 
single line. From data previously presented,' these factors are known to 
reduce flicker. Two or more alternate lines cannot co-operate to pro-
duce a thirty-cycle flicker by combining their area because if the eye 
includes more than one line, the intermediate lines will be unavoidably 
seen and the eye is subjected to the sixty-cycle alternating light effect 
as produced by the picture acting as a whole. One exception to this is 
possible but not probable and would occur when the subject matter of 
the transmitted picture chances to contain horizontal lines which agree 

(d)COC.P.5 RIPPLE IN HORIZONTRI..  (0)60 CPS RIPPLE IN YERTICRL. 
00 C P.5, It/TERI/ICED VER7:  EFFECT 0/1 LINE 01.77R/81/00/Y. 

(0 120 CP.. RIPPLE IN NO/i1ZO NTRL. 

Fig. 6—Effect of ripple on thirty- to sixty-cycle interlaced pattern. 

in position with the scanning lines such as to cause alternate lines to 
be dark over an appreciable area of the screen. Tests with this method 
of scanning have proved very satisfactory from the point of view of 
flicker for any ordinary picture subject matter. 
One slightly objectionable optical effect is noticeable in interlaced 

scanning pictures when objects in the scene move rapidly. If the motion 
is horizontal, the edges of the object appear to be jagged. This is due 
to the fact that a moving object is transmitted as a rapidly changing 
series of "stills" and that each alternate "still" is composed of only one 
set of alternate lines and that each "still" is slightly displaced horizon-
tally with respect to the one preceding. On the other hand, the motion 
is actually portrayed more accurately by the thirty to sixty interlaced 
scanning than with thirty-frame progressive scanning, since the mov-
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ing object is shown in sixty positions per second instead of thirty. This 
gain, however, is considered not to be of practical value. 

Then an object in the scene moves vertically, the apparent jagged 
edges of the object are not evidenced but the entire object may appear 
to be transmitted by a. system having only half the total number of 
lines. This effect is complete and at its worst only if the motion is at 
the rate of one line pitch per. one sixtieth of a second or an integer 
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Fig. 7 

multiple thereof. This loss of detail in a moving object is largely offset 
by the well-known fact that moving objects require less resolution in 
order to be understood, and that the eye cannot resolve-minute detail 
in moving objects. 

The effects of sixty-cycle and 120-cycle ripple upon interlaced 
patterns is shown in Figs. 6, 7, and 8. In the case of thirty- to sixty-
cycle interlaced scanning (Fig. 6) the effects are very much the same 
as for thirty-cycle progressive scanning. The lines are displaced accord-
ing to the sine law horizontally as shown in Figs. 6(a) and (c), and verti-
cally as shown in Fig. 6(b). However, adjacent lines of the even and 
odd vertical deflections are all displaced similarly so that slight fixed 



Kell, Brdford, i nd Trainer : Scanning Scqiirncr  567 

distortion of the picture is the only ill effect,. Such distortion may have 
magnitude equal to several I imes the line pitch for a 2-13-line picture 

Nvit h out being se rious. 
For a twenty-four- to forty-eight-cycle interlaced pattern, Fig. 7(a) 

Juo ws that four vertical deflection cycles are required for a complete 
recurrence of sixty-cycle ripple, and Hg. 7(b) shows that two are re-

quired for 120-cycle ripple. The horizontal lines in these figures are 
numbered to show to which deflection cycle they belong. (The return 

lines as(' omit 1(al and the magnitude of the ripple effect is exaggerated 
to simplify illustration.) Fig. 8 shows the vertical displacement due to 
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The odd-line method of producing interlacing as described requires 
only uniform saw-tooth wave shape deflection in which the vertical 
and horizontal scanning frequencies bear to one another a fixed ratio 
which is a whole number plus one half. To maintain these simple rela-
tions, however, presents several problems, mostly arising from the fact 
that the alternate vertical deflecting cycles start at different times with 
regard to the horizontal deflections. These starting times are shown as 
to and (t0+1/60) seconds in Figs. 9(a) and (l)). The two waves shown 

(g) FILTER TO PRODUCE (e) ANO N 
FROM (a)AND(b) FOR 
HORIZONTAL SYNCHRONIZATION. 

IN 

our 

(17),/creR TO PRODUCE (c) .9N0 ‘,1) 
FROM (a) mvo (I) FOR VERT7CAL 
SYNCHRONIZATION. 

Fig. 9 

are two different sections of the synchronizing wave, occurring alter-
nately one sixtieth of a second apart. The "even vertical" synchroniz-
ing impulse occurs immediately following a horizontal synchronizing 
impulse while the "odd vertical" starts about midwray between two 
"horizontals." Both vertical impulses have sections removed in order 
to accommodate "horizontals" that occur during the "vertical" in 
order that horizontal synchronization may be maintained continu-
ously. 

In one workable system, the synchronizing impulses Figs. 9(a) 
and (b) are transmitted by the picture transmitter and separated from 
the picture signal in the receiver by virtue of their greater amplitude of 
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transmission.' The impulses are then impressed upon a filter substan-
tially as shown in Fig. 9(g) in order to obtain the impulses (e) and (f) 
for synchronization of the horizontal deflecting circuit. The function 
of the filter is primarily that of differentiation so that the output wave 
has magnitudes which depend upon the slopes of the input wave. The 
blocking oscillator for the horizontal deflecting circuit is not responsive 
to the small portion of the "vertical" impulse present in the wave (e) 
and (f) due to their timing as well as their reduced amplitude. 
The impulses of Figs. 9(a) and (b) are also impressed upon the 

filter of Fig. 9(b) to obtain the alternate waves such as Figs. 9(c) and 
(d) for the synchronization of the vertical deflecting circuit. This filter 
primarily integrates the impulses of the input wave as the output is 

5RVY T007/1 
VOLTAGE 
WAVE 

SPEED 
CONTROL 

SYNCHRONIZING 
INPUT 

Fig. 10 —Blocking oscillator and saw-tooth generator. 

the voltage across a condenser CI charged through a resistor R. The 
"horizontal" impulses have amplitudes greatly reduced in comparison 
with the "vertical" impulses due to their shorter duration. However, a 
study of (c) and (d) shows that the "vertical" impulses differ con-
siderably from one another in their amplitude corresponding to any 
short interval after to or (/0-1-1/60) seconds on the increasing side of 
the peak. This difference, which is due to the dissymmetry of the 
"horizontals" with respect to the two "verticals," tends to cause the 
oscillator used in the vertical saw-tooth deflecting circuit and synchro-
nized by (c) and (d), to operate at a nonuniform speed. It also tends to 
make the alternate eveii and odd saw-tooth strokes differ slightly in 
amplitude as will be evident from a study of the method of generation 
of the saw-tooth wave by the circuit of Fig. 10. The tube A and as-
sociated circuit comprise the blocking oscillator which generates im-
pulses such as the wave of Fig. 1.1(g), which has an amplitude about 
fifty times as great as the synchronizing wave, Figs. 9(c) and (d). In 
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the circuit it is apparent that the synchronizing wave, though inten-
tionally impressed upon only the oscillator, is also impressed through 
the transformer winding upon the grid of the discharge tube B, along 
with the output of the oscillator. The amount. of each discharge of the 
condenser C1 is dependent upon the amplitude, shape, and duration of 
the impulse supplied to the grid of tube B during the discharge time. 
The difference in waves (c) and (d) of Fig. 9 causes these factors to 
differ slightly for the even and odd impulses, thereby causing the 
alternate discharges of condenser C1 to differ slightly in amplitude. 

t, 

14 sec 

69  _1  

(F) 

to 
EVEN VERTICAL HORIZONTAL 

EXTRA HORIZONTAL  ODD VERTICAL 

r.nri—i r j. 44114 fri4 H  

OUTPUT OF VERTICAL  t• 

BLOCK/NG osci a.fuotz  to7,4 sec. 

Fig. 11 — Synchronizing waves for odd-line interlaced scanning. 

The net effect of this is a slight vertical displacement of the horizontal 

lines of the odd vertical cycles with respect to those of the even cycles. 
(Further explanation of this phenomenon will be given below in con-
nection with "even-line" interlacing.) The displacement will be so 
great as to destroy completely the benefits and appearance of inter-
lacing if the difference in magnitude of alternate discharges differs 
by as much as 0.41 per cent. A lesser amount will cause the lines to be 
grouped in pairs. 

Extremely accurate timing of the alternate vertical saw-tooth 
generating. discharges is not directly necessary for sufficiently uniform 
spacing of the lines in interlaced scanning. In Fig. 5 the light solid 
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lines show the change caused in the g,enerated pattern w hen the even 
discharges begin at a lim e  0/1 + 0  illSteall  of OW //i as would be 
required for perfect, timing. As drawn, the interlacing is not impaired, 
the assumption being- made that all discharges are ident ical in mag-
nitude. Actually the delayed discharge would he slightly area  due 
to a slightly greater average volt age on the phi I e of the discharge 
tube during the discharge. (For a screen-grid type discharge tube, this 

discrepancy would lie less.) however, indirectly nonuniform timing 
has a large effect upon the spacing of the lines since it alters the time 
relation of the synchronizing impulse to the discharge time and thereby 
changes the effectiveness of the synchronizing impulses as a contribu-

tor to the magnitude of the discharges. 
Several methods have been developed which satisfactorily over-

come the dissymmetry of the "integrated" synchronizing impulses. 

One method is to make the synchronizing impulses identical in the 
region of the even and odd vertical synclin)11i7.111 ijuiclilses. T hiS is ac-
complished by the arbitrary introduction at the transmitter of addi-

tional impulses similar to the horizontal synchronizing impulses. They 
are located midway between each two regular horizontal synchronizing 
impulses for an interval of a few line periods before and during the 
vertical synchronizing impulses, as shown in Figs. 11(a) and (b). The 
vertical synchronizing impulses are interrupted- at half-line period 
intervals in order to accommodate the regular and the additional 
horizontal synchronizing impulses. The first additional impulse "p" 
may be of different duration than the others in order to compensate 
partially the charge in the "integrating" condenser for the necessary 
dissymmetry preceding the region of additional impulses. The partially 
integrated waves of the even and odd vertical sye_chronizing waves are 

respectively shown at (c) and (d), Fig. 11. They are practically identi-

cal during the occurrence of the oscillator impulse (g). 
Of course, the "extra horizontal" impulses pass through the hori-

zontal impulse selecting filter the same as do the regular "horizontal" 
impulses, Figs. 11(e) and (f). However, due to their timing, the 
blocking oscillator of the horizontal deflecting circuit does not respond 
to them. Use of the modified synchronizing wave has resulted in better 
operation with less critical adjustment of the vertical deflection speed 

control and of the amount of impressed synchronizing signal. 
Another method for overcoming the effect of dissymmetry of the 

synchronizing waves upon interlacing involves the use in the receiver 
of an additional vertical frequency blocking oscillator, which serves 
as a "buffer." This oscillator synchronizes on the "integrated" syn-
chronizing wave and in turn supplies synchronizing impulses having a 
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higher degree of uniformity in amplitude to the blocking oscillator 
used to produce the saw tooth of voltage. However, the alteration of the 
synchronizing wave is the preferred solution, since it entails no addi-
tional receiver equipment. 

Dissimilar vertical saw-tooth waves may also be caused by "cross 
talk" between the horizontal and vertical deflecting circuits in the re-
ceiver. This may-be overcome satisfactorily by moderate shielding and 
the exercise of care in the location of parts. 
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ODD VERTICAL. 
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Fig. 12 —Even-line interlacing. 

EVEN-LINE INTERLACED SCANNING 

The even-line method of interlacing involves the utilization of the 
phenomenon which was just described as the greatest handicap of 
proper interlacing by the odd-line method, namely, dissimilar even and 
odd vertical saw-tooth generating discharges. For the sake of analysis 
a train of discharge °impulses of sixty-cycle recurrence frequency but 
having alternate impulses of unequal amplitudes, may be considered to 
consist of two separate trains of discharge impulses as follows, acting 
simultaneously: One uniform train of sixty-cycle hnpulses and one uni-
form train of thirty-cycle impulses having an amplitude equal to the 
difference in the alternate discharges of the original train of impulses. 
These two trains respectively produce the saw-tooth waves of Figs. 
12 (d) and (e) which combined make the wave of Fig. 12(f). 

For the purpose of illustration, the wave of Fig. 13(b) represents a 
horizontal deflecting saw-tooth wave of four times the frequency of 
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the vertical wave. Fig. 13(c) represents the scanning pattern traced on 
the iconoscope or kinescope when deflected simultaneously by the 
vertical and horizontal waves of Figs. 12 (a) and (b). The arrows on the 
lines show the direction of travel of the scanning beam. This pattern 
readily indicates that an interlaced effect will be obtained because the 
lines for adjacent vertical scannings are alternated in position. Also the 
fact that the similar lines for adjacent vertical scannings will not fall 
upon one another will be clear from Fig. 12(f) since yi and y2 cor-
responding to 11 and t2, respectively, are not equal when ti, t2, etc., 
represent the period of the wave of Fig. 12(d). If the amplitude of the 
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Fig. 13 —Generation of interlaced scanning pattern by even-line method. 

wave of Fig. 12(e) is altered, (y2—y1) will be changed and the spacing 
between the "even" and "odd" lines will be altered. This leads to the 
major defect of this method of interlacing, namely, that the value of 
the difference between the amplitude of the alternate discharges is 
somewhat critical for perfect interlacing, which might necessitate the 
use of an additional control on the receiver. 
Figs. 12(a) and (b) show the even and odd sections of the synchron-

izing wave used. The actual synchronization of the vertical oscillator 
is maintained by the first-occurring portion of the wave, which is 
identical for the 'even and odd cycles. However, the impulse Fig. 12(c) 
generated by the oscillator occurs slightly later and includes part of the 
time in which the even and odd portions differ as .shown by the dotted 
line Fig. 12(b). This synchronizing wave is used for two purposes, as 
follows: It is filtered to remove the horizontal impulses substantially, 
as was described for the odd-line method of interlacing, and then im-
pressed upon the vertical oscillator for synchronizing. The synchroniz-
ing wave (unfiltered) is also impressed upon the cathode circuit of the 
discharge tube, while the output of the oscillator is impressed upon 
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the grid to cause the discharge tube to pass plate current intermit-
tently and thereby generate the vertical saw-tooth wave. The plate 
conductivity of the discharge tube is a function of the cathode poten-
tial as well as the grid potential. Therefore, since the oscillator output 
wave Fig. 12(c) occurs partly during the interval in which wave por-
tions of Figs. 12(a) and (b) are different, the alternate discharges will 
be different. The difference in area. under the "even" and "odd" por-
tions of the wave, which causes the inequality of the alternate dis-
charges, needs to be only a fraction of one per cent of the area under 
the .oscillator impulse as applied to the grid circuit of the discharge 
tube. 

OTHER PROBLEMS ASSOCIATED WITH INTERLACED SCANNING 

For a picture containing such a great number of lines, difficulty 
was experienced in the mechanical accuracy of construction of a syn-
chronizing signal generator of the rotary type. An electrical synchron-
izing signal generator has been developed, which consists of special 
multivibrator and wave-shaping circuits synchronized with the 
sixty-cycle power supply. Further description of this signal generator 
is beyond the scope of this paper. 

In order to use standard thirty-five-millimeter film for television 
subject material it was necessary to design the film projector in such 
a way that with the film running at twenty-four frames per second, it 
could be scanned at a rate of thirty complete frames per second or 
sixty exposures of the iconoscope plate per second as required for inter-
lacing. By using a specially designed cam-driven oscillating mirror type 
projector having a very quick return, it is possible to maintain the 
image of the even frames stationary for substantially two sixtieths of 
a second, or for two vertical scannings, and the odd frames stationary 
for substantially three sixtieths of a second, or for three scannings. By 

this procedure two frames of film are projected in five sixtieths or 
one twelfth of a second, which gives the required twenty-four frames 
per second. 

COMPLEX SCANNING PATTERNS 

The use of more complex types of interlaced scayming has been 
suggested. One of these, known as "triple interlacing" has been used 
considerably in mechanical scanning in which a three-spiral disk was 
used. Triple interlacing has also been used in a laboratory installation 
of a cathode-ray system. In the latter case the interlacing was ac-
complished by a method using the same principle as the "odd-line" 
method described, the difference being that the horizontal scanning 
frequency was made a whole number plus one third (instead of one 
half) times the vertical saw-tooth frequency. In triple interlaced scan-
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ning, the screen may lie cnnsidered to be divided Min grnups of lines, 
each group consistiug- of three adjacent lines numbered 1, 2, and :3. 
Then the scanning cycle Nvould be, first, all lines numbered 1 second, 

all lines numbered 2; and third, all lines numbered :3. If triple inter-
lacing is to be useful, the ninst promising, vertical scanning frequency 
for cathode-ray use is sixty, which gives a picture repetit inn rate nf 

twenty. At this low frequency the individual lines exhibit appreciable 

nicker and alsn the screen produces a disagreeable effect nf moving or 
"crawling." This effect is due to the fact that if the eye moves over 

the screen vertically downward at a certain cnnstant speed, it will 
rest on line 1 of group nne, while it is being scanned, then on line 2, 
then line :3, then line 1 of the next grnup, etc., \vhile each one i bennz: 
scanned. Actually, if the at lent ion of the eve is permitted to follow 
this progression, the screen will appear to become very coarse and to 

have only one third of the total number of lines. This effect  W hi(11 

renders triple interlacing very objectionable, is 1)r:icily:My absent on 
the "double" interlaced screen, it being possible to observe the effect 

only by special effort of the observer. The marked difference bet well the 
double and triple interlaced pattern is due to the higher repetition rate 
of the individual lines and the lar,er ratio of the width of a line to 

the width of the group. (‘There are INVo lines in each ir 1.0 111)  f ffi' 

interlacing.1 For quadruple or higher interlaciwr, it is believed that 

these ill effects would beco me M ore 

oNct,t-sioN 

In conclusion, the writers believe that double interlaced scanning 

with a frame frequency of thirty per second is the optimum known 
condition at the present time for alternating-current power supply 

sources of sixty cycles per second. 
Since the minimum picture repetition rate for negligible flicker has 

been set. at forty-eight pictures per second, it is interesting to compare 

the picture detail provided by progressive scanning at forty-eight 

pictures per second to that provided by interlaced scanning at thirty 

pictures per second, with a maximum video frequency of 750 kilo-

cycles. 
From the formula for equal horizontal and vertical detail, 

a =  2f/nRK 
where, 

a = the number of scanning lines 
f =maximum video frequency in cycles 

R = aspect ratio ( =4/3) 
n =frame repetition rate 

K = 0.64 
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the grid to cause the discharge tube to pass plate current intermit-
tently and thereby generate the vertical saw-tooth wave. The plate 
conductivity of the discharge tube is a function of the cathode poten-
tial as well as the grid potential. Therefore, since the oscillator output 
wave Fig. 12(c) occurs partly during the interval in which wave por-
tions of Figs. 12(a) and (b) are different, the alternate discharges will 
be different. The difference in area under the "even" and "odd" por-
tions of the wave, which causes the inequality of the alternate dis-
charges, needs to be only a fraction of one per cent of the area under 
the oscillator impulse as applied to the grid circuit of the discharge 
tube. 

OTHER PROBLEMS ASSOCIATED WITH INTERLACED SCANNING 

For a picture containing such a great number of lines, difficulty 
was experienced in the mechanical accuracy of construction of a syn-
chronizing signal generator of the rotary type. An electrical synchron-
izing signal generator has been developed, which consists of special 
multivibrator and wave-shaping circuits synchronized with the 
sixty-cycle power supply. Further description of this signal generator 
is beyond the scope of this paper. 

In order to use standard thirty-five-millimeter  film for television 
subject material it was necessary to design the film projector in such 
a way that with the film running at twenty-four frames per second, it 
could he scanned at a rate of thirty complete frames per second or 
sixty exposures of the iconoscope plate per second as required for inter-
lacing. By using a specially designed cam-driven oscillating mirror type 

projector having a very quick return, it is possible to maintain the 
image of the even frames stationary for substantially two sixtieths of 
a second, or for two vertical scannings, and the odd frames stationary 
for substantially three sixtieths of a second, or for three scannings. By 
this procedure two frames of film are projected in five sixtieths or 
one twelfth of a second, which gives the required twenty-four frames 
per second. 

COMPLEX SCANNING PATTERNS 

The use of more complex types of interlaced scanning has been 
suggested. One of these, known as "triple interlacing" has been used 
considerably in mechanical scanning in which a three-spiral disk was 
used. Triple interlacing has also been used in a laboratory installation 
of a cathode-ray system. In the latter case the interlacing was ac-
complished by a method using the same principle as the "odd-line" 
method described, the difference being that the horizontal scanning 
frequency was made a whole number plus one third (instead of one 
half) times the vertical saw-tooth frequency. In triple interlaced scan-
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ning, the screen may be considered to be divided into groups of lines, 
each group consisting of three adjacent lines numbered 1, 2, and 3. 
Then the scanning cycle would be, first, all lines numbered 1; second, 
all lines numbered 2; and third, all lines numbered 3. If triple inter-
lacing is to be useful, the most promising vertical scanning frequency 
for cathode-ray use is sixty, which gives a picture repetition rate of 
twenty. At this low frequency the individual lines exhibit appreciable 
flicker and also the screen produces a disagreeable effect of moving or 
"crawling." This effect is due to the fact that if the eye moves over 
the screen vertically downward at a certain constant speed, it will 
rest on line 1 of group one, while it is being scanned, then on line 2, 
then line 3, then line 1 of the next group, etc., while each one is being 
scanned. Actually, if the attention of the eye is permitted to follow 
this progression, the screen will appear to become very coarse and to 
have only one third of the total number of lines. This effect, which 
renders triple interlacing very objectionable, is practically absent on 
the "double" interlaced screen, it being possible to observe the effect 

only by special effort of the observer. The marked difference between the 
double and triple interlaced pattern is due to the higher repetition rate 
of the individual lines and the larger ratio of the width of a line to 
the width of the group. (There ate two lines in each group for double 
interlacing.) For quadruple or higher interlacing, it is believed that 

these ill effects would become more serious. 

CONCLUSION 

In conclusion, the writers believe that double interlaced scanning 
with a frame frequency of thirty per second is the optimum known 
condition at the present time for alternating-current power supply 

sources of sixty cycles per second. 
Since the minimum picture repetition rate for negligible flicker has 

been set at forty-eight pictures per second, it is interesting to compare 
the picture detail provided by progressive scanning at forty-eight 
pictures per second to that provided by interlaced scanning at thirty 
pictures per second, with a maximum video frequency of 750 kilo-

cycles. 
From the formula for equal horizontal and vertical detail, 

a = -Of /nRK 

where, 
a= the number of scanning lines 
f =maximum video frequency in cycles 
R =aspect ratio ( =4/3) 
n =frame repetition rate 

K =0.64 
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the number of lines, a, is 192 for progressive scanning and 243 for inter-
laced scanning. 

The effective number of picture elements, e, may be obtained by 
the formula, e=a21?K2, in which K2 is a correcting factor required on 
account of the loss due to random details of the picture not coinciding 
with the scanning line as discussed by the writers in the paper previ-
ously cited. (The losses of picture elements due to scanning beam re-
turn time and synchronizing are neglected in this case for simplicity.) 
The effective number of picture elements is 20,200 for progressive scan-
ning and 32,100 for interlaced scanning. 

From the above it is seen that the progressive scanning provides 
only sixty-two per cent of the detail provided by "hiterlaced" scanning. 
One case in which thirty to sixty interlacing would not be optimum 
would be' for receivers located in alternating-current power districts 
other than sixty cycles, receiving programs of a transmitter in a 
sixty-cycle area. In this case, the benefits of interlacing would be 
largely lost due to alternating-current ripple. (Extra precautions taken 
in shielding and filtering the power supply of receivers for such special 
conditions will reduce the ripple effects and might make the interlacing 
acceptable.) The example just given for transmitter and receiver in 
differing power supply frequency areas would represent only a negli-
gible portion of the probable installations except when considering re-
layed programs. Where transmitter and receivers are located in the 
same power supply districts as regards frequency, interlacing can 
always be satisfactorily obtained by proper choice of operating char-
acteristics; i.e., for fifty-cycle power source, a frame frequency of 
twenty-fi-ve per second and a field frequency of fifty per second. (For 
a fifty-cycle source, operation at the standard movie speed of twenty-
four frames per second would be satisfactory.) 

In direct-current power districts it is at present necessary to use a 
converter with the alternating-current type of receiver. With the fre-
quency of the converter adjusted within one or two cycles of the power 
supply at the transmitter, all of the advantages of interlacing are had. 
Interlacing also raises the minimum video frequency requirement in 
the ratio of two to one, since it increases the field frequency, thereby 

reducing the amplifier difficulties and cost at both transmitter and receiver.  • 
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 ll M direct measurement of small amounts of power, or fli r  111 0:i -;•• 

1 urement of power (Wel' a Wid0 1":1.11!rc of frequencies, dynamometer 
-  wattmeters are unsatisfactory, and vacuum tube \vat nucleus are 

often resorted to. 
Hitherto vaellIl111 tube NV:1 1 1,11101el'S have depended for their oprra-

t ion on the use of tubes having, a square-law characteristic, to (nnechool 
in a push-pull circuit. Si) as to avoid indications caused by current. 01. 
voltage alone. Such a device was described by ii.  1. Turner and 1. T. 
1 a eNn ma ra in 193()' and was pa tented by V. Peterson in 1 1r26.--: 

References to this type of NV:11 tmeter may also be futind ill Sl:indard 

works oil radio-frequency measurement .3.1 
An attempt to use a multiehoctrode tube with coplanar grids for the 

measurement of power was made by T. B. ww...,:her.:, white the device 
developed was satisfactory as a voltmeter or ammeter, it IMISt be dis-
counted as a wattmeter, for it. is clearly brought oitt in Wagner's article 
that. readings may be obtained by applying voltage or current alone, a 
condition of zero power. .Aloreover, it. is stated that the out  of the 

tube used is proportional to the sum of the effects of voltage and cur-

rent if applied separately. 
The author wishes to propose a new method (of measuring power 

through the use of multielectrode tubes. 
It may be shown of some multielectrode tubes that under certain 

conditions the application of alternating voltage to two controlling 
elements or grids results in a change in the direct—current component 
of the plate current proportional to the product of the voltages at. the 
grids and the cosine of their phase angle. Hence such tubes may be used 

in the construction of a vacuum tube wattmeter. 

. * Decimal classification: R240.  Original manuscript received by the In-
stitute, September 30, 1935; revised manuscript received by the Institute, 
January 2, 1936. 

1 H. M. Turner and F. T.  Iac.Nantara, Pitoc. I.R.E., vol. IS, pp. 1743—  
'747; October, (1930). 

2 Patent No. 1,5S6,553, E. Peterson, Bell Telephone Laboratories, June, 
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3 Terman, "Measurements in Radio Engineering," pp. 31-32. 
4 Hund, "High-Frequency Measurements," pp. 302-303. 
5 T. B. Wagner, Elec. Eng., vol. 53, pp. 1621-1623; December, (1934). 
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Of the tubes investigated by the author, the mixer type of tube, 
such as the type 2A7 or 6A7, seemed best adapted for use as a watt-
meter tube. The disposition of electrodes in a type 2A7 or 6A7 tube is 

shown in Fig. 1. G2 and Ga are held positive at a fixed potential above 
that of the cathode, and GI and 04 are biased to be negative with 
respect to the cathode. Alternating-current potentials proportional to 
voltage and current are then applied to Gi and 04. 

G. 

C G, G, C3 P 
Fig. 1 

In such a case, the current passing through G1 is dependent only 
on the potential of GI, being independent of the potential of 04. The 

CUrvesforTige Ze17 Tube 

Ip vs. E91 for va.rious values 
of E59 . 

4 
ln Volts 

Fig. 2 

proportion of this current reaching the plate is, however, dependent 
only on the potential of 04. Thus if the characteristics are linear for both 
G1 and 04, we may expect that the plate current will be represented in 
the form 
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= ;11Z-E.(,1 ± B 1:G11:G, +  -I- 1) 

where :I, B, C, and  are constants. 
The first and third terms are necessarily of a purely alternating-

current nature and would not. register on a direct-current meter in the 
P''  te circuit.. 'rbe direet-curnmt component of the product term is 
proportional to the poNVO1', S111C0 Er;  :111(1 EG1 are 111 01)0111( W:11 140 an Or— 

nni.ing voltage and current. 
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Fig. 3 

The actual static characteristics, experimentally obtained by the 
author, for a 2A7 tube are shown in Figs. 2 and 3. Fig. 2 is a plot of 
/,, vs. EGI for various values of EG4, and Fig. 3 is a plot of I, VS. EG4 for 
various values of E 1. 

If a region can be located such that within it I, VS. IL' Gi for various 
values of EG4 can be represented by a family of straight lines which, 
extended, pass through a common point, and if in this region I, VS. 

E G4 is, for some value of E Gi, a straight line, then the plate current of 
the tube can be represented by (1) and the tube may be used as a watt-
meter tube. 



580  Pierce: Wattmeter Using  allielectrode Tubes 

Figs. 2 and 3 should, if sufficiently accurate, enable us to find such 
a region if it existed. Unfortunately, there is no large region of linear 
variation of I„ with Ea,, although something approximating such a 
region may be found. Further, curves such as these can hardly be 
accurate enough to give final evidence of the degree of linearity, and 
can best be used to. show under what operating conditions linearity 
may be expected. 

Variation of the tube characteristic from linearity is best detected 
by applying various alternating-current potentials to one grid alone 
and noting the variation in the direct-current component of the plate 
current due to "rectification." Making such tests, the author found that 

(17 

Fig. 4 

the variation in the direct-current component of the plate current 
caused by an alternating voltage applied to G-1 alone was great enough 
to preclude the use of a single tube in a wattmeter, since "rectification" 
would necessarily result in readings due to current or voltage alone. 
Linearity is much more closely approached in the variation of 

with EG4 alone. The best result obtained was a change in the direct-

current component of I, caused by the application of an alternating 
voltage to G4 alone not more than three per cent of that for the same 
alternating voltage applied to both GI and G4. 

It is possible that tubes similar to the type 2A7 but having more 
nearly linear characteristics could be developed. This presents an inter-
esting field of investigation which was closed to the author because of 
lack of equipment. 

In view of the nonlineaTity of the characteristics of the tubes avail-
able, a push-pull type of circuit was adopted to check experimentally 
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the operation of a wattmeter constructed on the principles outlined 
above. The circuit is shown in Fig. 4. The apparatus was built in a self-
contained form with variable shunts and voltage dividers to cover a 
range from 0.01 to 1.00 amperes and 1 to 200 volts, and with switches 
to allow for the use of the instrument as a square-law voltmeter or 
ammeter as well as a wattmeter. A direct-current amplifier was pro-
vided to allow the use of a rugged one-milliampere meter in place of 
the microammeter which would otherwise have been required. 
The instrument was tested at fifty cycles. The curves shown in 

Figs. 5 and 6 demonstrate that at this frequency the instrument be-
haves as a wattmeter should. Fig. 5 is a plot of deflection as a watt-

o .3 

4.1 
0 

4-

Wattmeter Deflection 

va Cos 0 at 50 Cy.les 

.4 
Cot, 0 

Fig. 5 

6 ,e .0 

meter with constant voltage and current vs. cosine of the phase angle, 
and shows that the in  behflNeS correctly as far as power faCtor 
is concerned. In obtaining this experimental plot the author used an 
iron-core phase shifting transformer, such as is used in the calibration 
of -watt-liour meters. -Fig. 6 is a plot of indiented amperes, (the square 

root of scale reading) for the instru m en t as an ammeter vs. actual 
amperes as measured by an at  1.-'h15 illustrates that the deflec-
tion is actually proportional to the product of the voltages at the grids, 

in this case each proportional to the current. 
With this circuit, the frequency limitn,tion is of course .that of the 

transformeTs. Obviously, the phase shift of the transformers does not, 
matter as long as the transformers in the voltage and current sides 
have equal phase shifts, as they will if they are identical. It is impor-
tant, however, that the ratio of transformation does not vary with 
frequency and that the transformers do not in any way distort, the wave 
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form. In the present state of the art there should be small difficulty in 
obtaining transformers having a substantially constant ratio of trans-
formation over the audio range, and giving no appreciable distortion 
of wave form. With such transformers the device would function as 
satisfactorily over the entire audio range as it does at fifty cycles. 

 Calibration of Instrument   

As Am mei4r o+ 50Cycles 

0 .6 

Actual Amperes 

Fig. 6 

10 

It should be noted that such an instrument in conjunction with an 
audio:frequency oscillator would serve admirably as an harmonic 
analyzer of a zero-beat type, such as described by C. G. Suits.' 

Fig. 7 

In extending the range of the wattmeter to cover radio frequencies, 
transformers must, of course, be avoided. As has been explained, a 
single tube could be used were its characteristics for both control grids 
sufficiently linear. Provided the characteristic of one grid only is sub-
stantially linear, as in the case of the type 2A7 tube, the circuit sug-
gested in Fig. 7 should provide a means of reasonably accurate power 

6 C. G. Suits, Puce. I.R.E., vol. 18, pp. 178-192; January, (1930). 
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measurement without the use of transformers. This circuit is sym-
metrical with respect to the applied current; hence deflections due to 
current alone are avoided. It is not symmetrical with respect to the 
applied voltage, but sufficient linearity of the characteristic for 04 

to avoid immoderate deflections caused by voltage alone is presumed. 
A certain limitation of this circuit, that one side of the current input 
and one side of the voltage input must be at the same radio-frequency 
potential, must be common to all vacuum tube wattmeters not making 
use of transformers. Direct-current isolation may be obtained through 

the use of condensers. 
In conclusion, it may be asserted that present multielectrode tubes 

of the mixer type can be utilized to advantage as wattmeter tubes, 
and that with similar tubes having more nearly linear characteristics, 
the art of power measurement at low levels and varying frequencies 

might be considerably advanced. 
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RADIO PANEL LAMPS AND THEIR CHARACTERISTICS* 

BY 

J. H. KURLANDER 
(Westinghouse Lamp Company, Bloomfield, N.J.) 

INTRODUCTION 

THE original conception of a radio panel lamp or, in more popu-
lar terms a dial light, envisaged no more difficult problem than 

 - constructing a small light source of low 'power for illuminating 
the station markings on the opaque dials then used. The lamp was 
simply mounted in a position to permit the light to fall directly upon 
the surface of the dial. 

The introduction of translucent dials presented no new problems 
except with the later forms of airplane dials which required more at-
tention to be paid to the filament form and to the selection of bulbs 
so as to prevent streaky illumination of the dial. 

In more recent years, however, the simple requirements of dial 
illumination have been displaced by the more stringent optical re-
quirements of tuning meters of the shadow-producing type. Since it 
was desirable to retain the well-established physical form of the lamps 
as used for dial illumination, while at the same time designing them to 
meet the requirements of suitable tuning meter lamps, the deceiving 
simplicity of these lamps, more often than not, caused the radio manu-
facturers, as well as the lamp manufacturers no small amount of 
trouble.  • 

It is the practice in such shadow meters to place the lamp directly 
behind a small aperture of predetermined size so that the light shines 
directly past the edges of a movable vane to cast a shadow of the vane 
on a translucent screen. The vane, which is actuated by a small mag-
netic coil, through which the tube current flows, will show a mini-
mum deflection for the condition of resonance in the circuit and the 
shadow of the vane on the screen will, correspondingly, have a mini-
mum width. 

To have maximum contrast it is necessary for the edges of the vane 
to be sharply delineated on the screen and free from penumbra effects. 
This requires a special straight line form of filament known as the 
C-6. Precautions must be taken to place the filament in the bulb so 
that images reflected from the bulb walls will not pass through the 
aperture and act as secondary sources of light. 

* Decimal classification: R380. Original manuscript received by the Insti-
tute, July 25, 1935. Presented before Tenth Annual Convention, Detroit, Mich., 
July 1, 1935. 
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ELEMENTS OF LAMP DESIGN 
Tungsten Wire Properties—With drawn tungsten wire, the in-

ternal structure of the metal, after drawing, consists of very long 
crystals of tungsten. As the lamp is burned, these crystals break up 

Fig. 1—Appearance of untreated tungsten wire after burning, showing brittle 
condition due to irregular crystal formation. 

into smaller sections so that the filament is made up of millions of tiny 
blocks of tungsten. (Fig. I.) 
The advent of nonsag wire, in which very small amounts of either 

potassium or sodium are used, represented a very distinct improve-

Fig. 2—Appearance of nonsag tungsten wire after burning, showing formation 
of long interlocking crystals which prevents wire from sagging. 

ment in filament performance. In such nonsag wire, the crystals, which 
form as the filament is burned, interlock with each other like a jigsaw 
puzzle in such a manner as to improve the strength of the filament. 
(Fig. 2.) Such wire will withstand shock, although it will not withstand 
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severe vibration. This wire is used in about ninety-five per cent of all 
types of lamps made today and it is also used in the manufacture of 
radio panel lamps. While there is loud speaker vibration present in 
radio receivers, no difficulty is encountered on this score provided the 
lamp is not mounted on the speaker frame or where the speaker vibra-
tion can be transmitted directly to the lamp. 
Another form of tungsten wire with altogether different char-

acteristics is obtained by adding very small amounts of thoria to the 
tungsten. As the thoriated filament is burned, very small round-edged 
crystals are formed and because of the large number of such crystals 
throughout the cross section of any given size of wire, slippage of the 
crystals does not affect the filament in general. (Fig. 3.) Such wire is 

Fig. 3— Appearance of treated sag tungsten wire after burning, 
showing formation of minute irregular crystals. 

known as sag wire and while it will withstand vibration very well, it 
is not so good under shock. It is the practice to use such wire for street 
railway lamps. Occasionally, when radio manufacturers thoughtlessly 
mount their sockets in such positions that they are subjected to the 
full effect of the speaker vibrations, it is necessary to come to their 
rescue by temporarily supplying lamps having sag-wire filaments, but 
with the result -Chat other forms of trouble are encountered. 

Filament Forms—There are several outstanding filament forms used 
in the design of radio panel lamps. The straight horizontal coil men-
tioned in connection with the lamps used for tuning meters is known as 
the C-6 form. It is somewhat difficult to obtain a perfect C-6 form in 
such low-priced lamps, where automatic coiling and mounting ma-
chinery must necessarily be used for high production, low cost work. 
In spite of such difficulty, however, very satisfactory results, which 
fully meet the requirements, are obtained with present methods. 
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The first form of coiled filament used in the early panel lamps was 

the arched, or C-2, type where the filament is mounted bow-shaped 
between the two copper lead wires. This filament has the advantage 
of casting light around the lead wires so as to prevent sharp shadows 
of the lends being cast on the illuminated dial. In some instances, it is 

necessary to regulate the degree of arching to obtain satisfactory re-
sults in practice. This filament form is still used in certain types of 
lamps, but it is only suitable for dial illumination, and since the trend 
is very definitely toward a single filament design, which would be satis-
factory for all radio purposes, it may be superseded by the C-6 form so 

necessary in shadow meters, and which can also be applied to dial 
illumination by positioning the lamp so that the filament is parallel 

to the dial. 
In those special forms of lamps used in battery-operated receivers, 

where the current is of the order of sixty milliamperes and the voltage 
is also low, a straight wire filament form, known as the S-2, is used be-
cause the shortness of the filam mt almost precludes coiling. 

Lump Butb8---Probably more for the reason of having a distin-
guishing bulb type than for any other reason, the standard form of 
bulb for radio panel lamp service is the small tubular type known as the 
T-31, measuring approximately three and one-gilarter eighths of an 
inch  in  difinieier. Consideration has been given at various times L0 

other bulb forms, notably the globular type and a special adaptation 

of the tubular type having sloping side walls after the fashion of an 

Hem again, standardization, which means low cosi, mid lo w 

price, played an important part, so that all panel lamps for use in home 
. receivers are of the  bulb form. In the automotive fill'10 WeVer, 

where the globular or (; type hull) has been in use for niany 'a i's 
also because of its shorter over-all length to facilitate mounting in the 

restricted steering colninn controls, this bulb is no w KL:111(1:11'd in 1:1111 pti 

1V-,N1 in most receivers. 

Im p  N ail recently, tlie only In:  base itsed for radio 

panel lantiw was the  !-:C11'\‘'  base.  As receiver design im-
proved, however, and also duo to t lie use of the tuning meter, it, be-

came nece:--,-4try to consider another form of base in order to remove 

many of the difficulties inherent, in  the scre\v-hase  Approxi-
mately (o w-t hird of lamp outages in receivers is (hie to the lamps vi-' 

boiting looHe  thf.  1.1n.l'Ohy sit  lugti p growling inii;-;e;-4. 

111:111111:1C111rer: ,.. in an (.11( 0. to to i'i':'et  this condition, found in Ihe 

;t•tew-1,:et.  wete using  means as crimping the sorket, and 

Iii":: forcing the hlin p int o  with  ;;() as  in  lock the 
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lamp in position. This not only made it extremely difficult to replace 
burned-out lamps but also resulted in cracking fkom twenty to twenty-
five per cent of the glass bulbs below the top line of the base where 
such cracks could not easily be detected. Those lamps then failed early 
in life due to leakage trouble. 

To remedy this situation, a miniature bayonet base was made 
available recently which is just like that employed on the common 
automobile types of lamps, except that it is smaller. The use of this 
miniature bayonet base is expected to remove many of the troubles 
formerly en countered with the old types of screw base and its use is 
therefore urged upon receiver manufacturers. 

Lamp Inspections—It has been found necessary, in manufacturing 
these lamps, to use special means to insure obtaining a good clamp be-
tween the ends of the filament and the copper lead wires. Soft copper is 
used to permit the filament ends to be buried in the copper without 
fracturing the tungsten wire. A hot clamp is used to obtain the effect 
of a weld. Each individual lamp is then tested in an amplifying outfit 
whose level of amplification is fixed to make sure that those lamps 
having open circuits will be weeded out. In addition to the many 
other regular inspections conducted as a routine matter, these special 
precautions are required so as to prevent the lamp from creating ex-
traneous noises in the receiver. It is also necessary to obtain lamp bulbs 
which are free from seeds, chords, and mold marks, which imperfec-
tions produce shadows. 

LAMP CHARACTERISTICS 

In any industry which involves the manufacture of hundreds of 
millions of units, standardization necessarily assumes a very important 
role so that lamp manufacturers look upon standard types as being the 

only ones which really need be used. Only those lamps are placed in 
the standard schedules whose quality is definitely assured through 
endless tests and whose distribution is widespread. Such lamps, natur-
ally, carry the lowest price. Nevertheless, many other types of lamps 
are made available to meet all requirements. 

The types of radio panel lamps now available are Mazda lamps 
Nos. 41, 43, 44, and 46 for home receivers and Mazda lamps Nos. 50, 51, 
and 55 for automotive receivers. (Table I.) In addition, there are a 
number of very special types whose use is restricted to special applica-
tions of limited distribution. 

Wherever possible, standard types of lamps should be used as their 
performance is well known by reason by numerous tests and because 
their quality is assured by manufacturing experience acquired through 
continuous production. 
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TABLE I 

POPULAR TYPES OF II,U310 PANEL LAMPS 

5S9 

Mazda 
Lamp 
No. 

Volts Amperes Bulb Base Life Service 

• 40 
41 

43 

44 

46 

50 

51 

55 

6.3 
2.5 

2.5 

6.3 

6.3 

6-8 

6-8 

6-8 

0.15 
0.50 

0.65 

0.25 

0.25 

C.P.  1.0 
Amp. 0.20 
C.1'. 1.0 
Amp. 0.20 
C.P. 1: 
Amp. 0.40 

T-31, clear 
T-31, clear 
(also frosted) 
T-31, clear 

T-31, clear 

T-31, clear 

G-31, clear, 
red or green 
G-3;, clear, 
red or green 
G-41, clear 

Mitt. Screw 
Min. Screw 

Min. Bayonet. 

Min. Bayonet 

Min. Screw 

Min. Screw 

Min. Bayonet 

Min. Bayonet 

3000 hrs. at 6.3 v. 
3000 hrs. at 2.5 v. 

3000 hrs. at 2.5 v. 

3000 hrs. at 6.3 v. 

3000 hrs. at 6.3 v. 

1000 hrs. at 7.5 v. 

1000 hrs. at 7.5 v. 

500 hrs. at 0.5 v. 

Radio dials 
Radio dials 

Radio dials and 
tuning meters 

Radio dials and 
tuning meters 

Radio dials and 
tuning meters 

Radio dials 

Radio dials 

Radio dials 

1 

0 

5 

S5 

40, 

3-4 

31 

'FE 
2e 

30 

. 
2e 

23 
L1.1.E745......... 

2: 
20 

,..........„....,.... 4 IC 

14 

12 

15 

110 

1054 
V4AT T5 

1( 
PDC. 

125 

-.............. 
05 

65 .4,..................-  

eo 

rs 

M A  110 vo  o4.4 

PERCENT VOLTS 

0 

10 

Fig. 4—Variation of life, lumens, and watts with applied volts. 

The life of these lamps will necessarily vary with the applied voltage 
and it can be said that a change of one per cent in applied volts will 
result in a change of approximately ten per cent in life. (Fig. 4.) 
While all lamps are designed for an average life rating, it does not 

necessarily follow that each lamp will meet *the given figure. On the 
contrary, in any given group of lamps, a varying rate of lamp failure 
will be found and this rate of failure is reasonably definite for large 
groups of any given type of lamp. The average life of any appreciable 
group of lamps will meet the designed figure due to the fact that some 
lamps burn considerably beyond the designed life figure and corn-
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pensate for those which fail before the designed life figure has been 
reached. .For example, in radio panel lamps, about thirteen per 

cent of the lainPs will have failed at filly per cent of designed life 
and about fiftY-four per cent of the lamPs will have faded at one 
hundred per cent of designed life•  aPProximatelY eleven Per 
cent of the lamps will still be burning at 150 per cent of designed life 

and the last lamp will have failed at slightly inure than 200 per cent, 
of designed life. The average life of the entire group of lamps, however, 
will he very  close  to 100 per  cent  of des igne d life. 

Occasionally, radio manufacturers engage in lamp tests of their 
own, particularly with reference to checking the current rating of the 

lamps. Such tests have frequently been found to be wrong due to the 

use of low resistance voltmeters which act as a shunt around the lamp, 
taking from 0.02 to as much as 0.05 ampere. The ammeter then meas-
ures the sum of the lamp current and the voltmeter current so that in 

the case of a 6.3-volt, 0.15-ampere lamp, the reading may be any-

where from 0.17 to 0.20 ampere. It is well to note in this respect that 
a vo ltme ter  hav ing  a res istance  of at leas t 1500 ohms  is requ ire d for  a 

reasonably accurate measurement of these small currents and even 
with such a voltmeter the degree of error will be 0.004 ampere in the 
case of the lamp just mentioned. 

RECOMMENDATI ONS 

A few simple precautions which have been determined through 

experience acquired over a number of years are to use the right lamp 
for the right application and in such special cases as tuning meter de-

vices, it is also important to stress the need of making lamp replace-
ments with the same type of lamp. 

Finally, a most important item is One which has to do with making 
lamps accessible in receivers. In a number of models, it is necessary to 

remove the entire chassis from time cabinet in order to replace a burned-
out lamp and since special tools are sometimes required to remove the 
chassis, from two to three hours is often required for this work. More 
often than not, the set; is out of Operation pending the visit of a repair 

man and it is only natural for the user to blame time receiver manu-
facturer for such short-sightedness in design. 

It is important to remember that while the average life of any 
given group of lamps is a known factor, the life of any particular lamp 
is unpredictable. Since greater dependence is being placed upon panel 

lamps for the proper Operation of modern receivers, it is only reason-
able to make provisions for the easy replacement of such lamps by the 
users. 
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Summary —The principles and design of an harmonic analyzer of novel form 
are described. The analyzer operates by suppressing the fundamental and passing 
the harmonics through an am plifier with a calibrated gain control to a cathode-ray 

oscillograph or vacua in tube voltmeter. 
The apparatus is designed for analysis of audio-frequency oscillations but could 

be used with frequencies of a in itch higher order if the curve of frequency against gain 

were plotted for the amplifier. The power required for operation is small, an input 

impedance of the analyzer being of the order of 500,000 ohms. 
In practice it was found that the instrument was capable of giving a fairly ac-

curate estimate of the total harmonic content for values as low as 0.2 per cent. Using a 
cathode-ray oscillograph it is possible to separate two or more harmonics, but the 

instrument is chiefly useful for estimating total harmonic distortion of a wave. 
The instrument should be useful as a distortion meter for power supply systems, 

giving a reading of the total harmonic distortion with the aid of a vacuum tube volt-

meter. 
I. INTRODUCTION 

111E design of a harmonic analyzer using an oscillator to beat  1 
with each harmonic and a highly selective amblffier to select and 

  amplify the beat note, presents considerable difficulties when the 
voltage to be analyzed has a low audio frequency. The alternative ap-
pears to be some form of fundamental suppression method and the 
apparatus described below operates on this principle. 
Resonance methods of analysis have been known and used for a 

considerable period, but they usually have the disadvantage of re-
quiring an excessive Amount of power. Morgan's' method is of this type. 
His paper has an historical summary with bibliography up to 1932. 
wagner2 gives a method free from this objection to a certain extent and 
with the virtue of simplicity. The other bibliographical references 
give some interesting resonance methods of analysis. 
The method to be described has been thoroughly tested and found 

very effective. It is very simple to build and operate, has an input 
impedance of a high order, and will analyze voltages of less than 0.5 
per cent distortion. 

II. PRINCIPLE OF :METHOD 

The voltage to be analyzed is applied to the input transformer, T, 
in Fig. 1. This is a step-down transformer and its design is dealt with 

* Decimal classification: R537.7. Original manuscript received by the In-
stitute, June 5, 1935. 

1 Numbers refer to Bibliography. 
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later. The oscillatory voltage is then applied to a resistor, R1, in series 
with a parallel tuned circuit consisting of an inductance, L, a capacity, 
C, and a. resistance, R2. The tuned circuit being adjusted to resonance 
with the fundamental of the distorted input voltage offers a high im-
pedance to this voltage and if R1 is small the greater part of the funda-
mental voltage is developed across LC while the harmonic voltages 
appear across ft1. The percentage of harmonic distortion in the voltage 
across RI is thus very greatly increased. 

Since it is undesirable to reduce ft1 to less than some thousands of 
ohms because the impedance of LC to the lower harmonics will be 
comparable to that of RI if Ri is small, we find it necessary to increase 

B4- (400 v.) 

Fig. 1—Complete diagram of the harmonic analyzer, consisting of fundamental 
suppressor, harmonic amplifier, and analyzer equipment. 

the impedance of LC to fundamental frequency. This was done in the 
first place by connecting LC in the grid circuit of a triode valve and 
using a plate coupling coil to give a variable degree of regeneration. 
After trying several other methods the scheme finally adopted was 
that shown in Fig. 1. A screen-grid tube operated as a dynatron was 
connected across the tuned circuit and adjusted to cause strong oscil-
lations even when R1 was quite small. A variable resistor, R2, was con-
nected across the tuned circuit to prevent oscillations, and by varying 
R2 it is possible to obtain an impedance across the tuned circuit of some 
megohms at the fundamental frequency. If Ri is a few thousand ohms 
it is thus possible to reduce the fundamental voltage- relative to the 
harmonics in the ratio of about a thousand to one. 

The voltage developed across RI, consisting almost entirely of 
harmonics, is passed through an amplifier with a calibrated gain con-
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trol and applied to a pair of plates of a ea thode-ray oseillograph. To the 
other pair of plates is connected a synchronized linear time base, so 
that a picture of the wave form of the new volt a!re is obtained. 
in operating the apparatus, the resistance,  is increased until 

oscillations commence. These are visilde on the screen of the oscillo-
graph and if the time base is temporarily shut off and the swit ch, 
(Fig. 1) closed into position :1, it is possible to synchronize the fre-
quency of oscillation of the dynatron with that of the input voltage. 
This is done by varying the capacity of the condenser, C, and if neces-

sary, switching the inductance 1,, until the image on t he screen of the 
cathode-ray oscillograph is a steady ellipse. This procedure is only 
necessary when the frequency of the input voltage is unknown; in other 
cases, the condenser  and inductance L, ea n he given appropriate 
values immediately if they are calibrated for frequency. 
With the switch, SI, in position B and R, turned to zero, the NV:1Ve 

is seen on the screen of the oscillograph with he aid of the linear time 
base. The reading of the calibrated gain vont nil of the amplifier is 
noted and also the amplitude of the pattern ott the oseillograph. With 

the LC circuit tuned to the frequency of the income wave, R2 is in-
creased until the fundamental is removed. The gain control of the 
amplifier is now advanced until the figure on the o.scillograph again 
assumes its original amplitude (or some mensura.hle fraction if the 
harmonic content is small). The ratio of the two readings of the gain 

control gives the ratio of fundamental to total harmonic. 
If two or more harmonics are present they can be separated by an 

analysis of the new wave on the oscillograph screen. If only the total 
harmonic content is required, as is often the case, a vacuum tube 
voltmeter may be substituted for the cathode-ray oscillograph. 

III. DESIGN OF APPARATUS 

If the resistor, RI, and resonance circuit, LC, were connected 
directly across the output of the oscillator or other piece of apparatus 
to be tested, they would constitute a harmonic filter, damping out 

harmonic voltages to a certain extent. For this reason the transformer, 
T, is interposed. The primary of this transformer has a large value of 

inductance to permit of use with apparatus of large output impedance. 
Several secondary tappings are provided, the ratios of primary to 
secondary found most useful being 10/1, 3/1, and 1/1. For reasons 
given below, the primary and secondary should be electrostatically 

shielded. 
The value of R1 is found by trial, being as low as possible while 

still permitting of oscillation of the dynatron circuit. Values between 
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5000 and 10,000 ohms are usually satisfactory. The best arrangement 
is to make R1 semivariable, setting it at the optimum value, found by 
test. 

If the analyzer is to be used on audio oscillations of any frequency 
then the values of L and C must be variable over the necessary range. 
The ratio of C/L must not be large or the circuit will not offer suffi-
cient impedance. Values of C/L of the order of one microfarad per 
henry and smaller were used. The resistor, R2, may be a 0- to 100,000-
ohm. variable resistor. Its effect on resonance frequency of the LC cir-
cuit is small. 

The design of the amplifier portion of the analyzer (Fig. 1) requires 
considerable care. It follows lines similar to those of a preamplifier 
for microphone work, having a gain of about seventy decibels and a 
fairly flat response curve. It is, however, capable of handling an input 
of about 0.5 volt and giving undistorted output up to about sixty volts 
peak to a 0.5-megohm load despite the fact that type 75 tubes are 
used. The gain control is tapered to permit of accurate readings at 
low gain settings. 

In operation the amplifier is made to give an output sufficient to 
give full deflection on the cathode-ray oscillograph. This is of the 
order of twenty to forty volts peak if a fairly low plate voltage is used 
on the oscillograph. The input is about 0.5 volt peak and when the 
fundaMental is suppressed this may fall as low as 10-3 volts. If the full 
gain of about 3000 is now used the output voltage is 'three volts peak 
which is just enough to measure. This, of course, is the extreme case 
when the harmonic content is 0.2 per cent; if the harmonic exceeds 
this figure a more accurate measure can be made. 

If the amplifier is to be operated from the alternating-current mains 
great care must be exercised in eliminating alternating-current ripple. 
It is for this reason that the input transformer, T, should have its 
two windings electrostatically shielded from one another. In addition 
to elaborate filtering of the rectified high tension voltage it was found 
necessary to shield all parts and wires in the grid circuit of the first 
amplifying tube and effectively to decouple the plate circuit of the 
same tube. The high tension supply voltage used is -about 400 volts, 
this being necessary to permit of the amplifier input of 0.5 volt and 
output of about sixty volts without distortion. 

The linear time base must be of a type which can be synchronized 
to any audio-frequency input voltage, unless the analyzer is to be 
used only on special frequencies. If it is not necessary to view the 
form of the composite harmonic wave then a vacuum tube voltmeter 
or other suitable indicating device may be used in place ofthe cathode-
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ray oscillograph and time base. The disadvantages of using such a 
method of measurement are the inability to adjust quickly the reso-
nance frequency of the LC circuit to the frequency of the input voltage, 
and uncertainty as to whether the fundamental has been entirely 
eliminated. The latter objection is removed if a preliminary test is 

made using the oscillograph. 

IV. OPERATING TESTS 

The wave form of the output voltage of a commercial low-fre-
quency oscillator was examined with the aid of the analyzer, cathode-
ray oscillograph, and time base. The distortion, consisting almost en-

(a) 

(b) 

(c) 

(d) 

Fig. 2-0scillograph records of low-frequency oscillations before, (a) and (c), 
and after, (b) and (d), suppression of the fundamental. 

tirely of second harmonic could be varied by altering the degree of 
coupling in the oscillator circuit. For percentages of harmonic as low 
as 0.3 the fundamental could be reduced to an amount small compared 
to the harmonic. The accuracy of determination of percentages of 
harmonic distortion lower than this was not of a high order, as the 
fundamental voltage could not be reduced below about 0.1 per cent of 
its initial value. 
It will be seen that if the CIL value of the resonance circuit is one 

microfarad per henry and the value of R1 is 10,000 ohms, then the pro-
portion of second harmonic voltage developed across the LC circuit is 
less than ten per cent. If necessary, correction may be made for this 
error. 
The photographs of Fig. 2 illustrate the type of figures to be ex-

pected on the screen of the oscillograph. The first one, (a), shows a sine 
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wave of rather low harmonic distortion, although it appears rather 
distorted due to nonlinearity of the oscillograph and amplifier. The 
second photograph, (b), shows the residual harmonic when the funda-
mental has been suppressed. The gain of the amplifier has been ad-
vanced to five times its former value but the time base refuses to syn-
chronize itself to the new composite wave. Estimating from the photo-
graphs it would appear that the harmonic distortion was of the order 
of two per cent. 

The third photograph, (c); depicts an oscillatory voltage of very 
bad 'wave form. On suppressing its fundamental the wave of Fig. 2(d) 
is obtained without any amplification. We find by comparing the rela-
tive amplitudes that the voltage under test has about twenty per cent 
harmonic distortion, chiefly second harmonic. 
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SU MIllary— This paper points out the advantages of concentric conductor lines 
as low power factor or high Q resonant circuits for controlling the frequency of very 
high frequency oscillators. The electrical characteristics of lines of various dimen-
sions at valions _frequencies is given. Several forms of temperature compensated 

lines are described. Oscillator circuits, circuit combinations, and precautions for 
obtaining stable transmitter frequencies are suggested. Photographs of typical line 
controlled transmitters are included. The results obtained with line control indicate 
that the -method has great potential usefulness comparable with the usefulness of 

piezoelectric crystal control. 

IN 0 D U CTI ON 

N A previous paper' it was pointed out that sections of transmission 
line could be used to stabilize the frequencies of transmitters. It was 
suggested that the lines, serving as very low power factor circuits, 

might be used advantageously to replace piezoelectric crystals in trans-
mitters operated with relatively high power outpul and at very high 
frequencies. Since publication of the previous paper much progress has 
been made in the design of lines for frequency control and in their ap-
plication to transmitters operated with output frequencies ranging 
from about seven to 500 megacycles. 
The form of line best suited for frequency control is one made up of 

two concentric conductors, with the outer conductor completely en-
closing the inner one. This form of line is relatively easy to construct 
and is completely shielded. The power factor of the line as a resonant 
circuit is not increased by radiation or coupling to surrounding objects 
and circuits. If desired, the outer conductor may be utilized as a means 
of mounting and support for tubes and other circuit elements. Copper 
is one of the most satisfactory materials from which to construct the 
line for ordinary applications but aluminum or aluminum alloys may 
be used where weight is an important consideration. 
The degree to which a line can be made the predominating element 

in determining the frequency of an oscillator is proportional to the 
amount of oscillatory energy which may be maintained in it with a 

* Decimal classification: R355.6. Original manuscript received by the 
Institute, July 22, 1935. Presented before Tenth Annual Convention, Detroit, 
Mich., July 1, 1935. 

Conklin, Finch, and Hansell, "New methods of frequency control employ-
ing long lines," PROC. I.R.E., vol. 10, pp. 1918-1930; November, (1931). 
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given amount of power. Therefore the quality or figure of merit for 
the line may be taken as the ratio of oscillatory energy to power loss. 
This ratio is popularly known as the the Q of the line. 

The effective length of line may be near any number of quarter wave 
lengths. Making the line longer than a quarter or a half wave will not 
improve its Q, or sharpness of tuning, but it will increase the amount of 
oscillatory energy which can be stored in the line without flashover or 
excessive temperature rise. Usually it is preferable to obtain the de-
sired storage rating by using large diameters rather than a length ex-
ceeding a quarter or half wave. 

CHARACTERISTICS OF LINES 

The mathematical determination of the characteristics of concentric 
conductor lines gives the results listed in the following table of for-
mulas, the derivation of some of which will be given in an appendix: 

Symbols 

a = radius of outside surface of inner conductor in centimeters 
b = radius of inside surface of outer conductor in centimeters 
= frequency 

I = current in line at point of maximum current 
X = wavelength in meters 

Formulas 

Inductance, L = 2 X (10)—i log, b/a henrys per meter 
Capacity, C (10)-9 /(18 log, b/a) farads per meter. 
Characteristic impedance, Z =60 log, b/a ohms. 

Resistance, R = 41.6(10) 7X \J(1/a +1/b) ohms per meter for a line 
constructed of copper. 
Attenuation constant a =R/2Z 

Power loss in a tuned line, TV = /2/?X/8 watts per quarter wave of 
line for a line constructed of copper. 

Oscillatory energy, VA =rfLPX/ 4 --= PX/16rfC per quarter wave. 
Figure of merit of a tuned copper line, Q VA/HT = 27rfL/1? = 

1/27rfCR. 

Maximum figure of merit obtainable with a copper dine, for a given 
value of b, is Q max = l/(6.86(1o)-4 /x/b) = 1460 b/-V3-• 
Ratio b/a giving maximum Q, for a given value of b is. 3.6. (See 

footnotes 2, 3, and 4.) 

No.  Franklin, British Paten t No. 284,005  and  corresponding  U.S.  Patent  
1,937,559. 

3 Sterba and Feldman, "Transmission lines for short-wave radio systems," 
PROC. I.R.E., vol. 20, pp. 1163-1202; July, (1932). 
1046-1061; Terman, "Resonan t lines  in radio  circuits, " Elec.  Eng.,  vol.  53  pp.  

July, (1934). 
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Value of maximum voltage gradient =E/(a log, b/a). 
Ratio b/a giving smallest maximum voltage gradient for a given 

maximum voltage and a given value of b is 2.72. 
Ratio b/a giving minimum voltage gradient for a given oscillatory 

energy and a given value of b is 1.65. 
Assuming equal thickness of inside and outside conductor the great-

est oscillatory energy storage is obtainable per pound of copper when 

b/a= 4.68. 
To obtain maximum impedance with a section of line, having a, 

given value of b, (for example, for use as the equivalent of an insulator) 

the ratio of b/a should be 9.18. 

Maxims 

There are certain maxims made apparent by the study of character-
istics of concentric conductor lines which are very useful in rapid in-

terpolation of line characteristics. 
1. The Q of a line is inversely proportional to the square root of the 

resistivity of the material used in it. 
2. The Q of a line is proportional to the square root of the frequency 

and inversely proportional to the square root of the wavelength. 
3. The Q of a line is propotional to the diametey of the conductors 

so long as the ratio of diameters is constant. 
4. The maximum allowable oscillatory energy in a line is substan-

tially proportional to the square of the diameters so long as the ratio 

of diameters is constant.5 

Examples 

Fig. 1 shows the value of the figure of merit, Q for various fre-
quencies and diameters of the outer conductor of concentric conductor 
copper lines, assuming a ratio of diameters of 3.6. The values of Q for 
other materials and frequencies may be determined readily with the 
aid of maxims 1 and 2. 
At 60 megacycles the minimum length of inner conductor to tune 

would be about 125 centimeters (49 inches). Froth mechanical consider-
ations a reasonable diameter of outer conductor might be taken as 60 
centimeters (24 inches). The inner conductor would be 6.5 inches in 
diameter. The over-all dimensions required for the finished line would 
be about 24 X 24 X 72 inches. A line of this size would have a Q of about 

For more exact laws of variation in flashover voltage gradient and energy 
storage of lines of different dimensions see "Dielectric Phenomena in High 
Voltage Engineering," published by McGraw-Hill, and other publications of 
F. W. Peek, Jr. 
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20,000. Only ten watts of input power would be required to maintain 
an oscillatory energy of 200 kilovolt-amperes in this line. 

Temperature Coefficient 

Tests and theory indicate that lines made up of straight tubular 
conductors have a temperature coefficient of frequency variation cor-
responding fairly closely to the mechanical temperature coefficient of 
linear expansion for the material of which the line is -made. So long 
as both conductors have the same temperature, the ratio of their di-
ameters and, therefore, the electrical constants per unit of length do not 
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Fig. 1—Values of Q (inverse of power factor) for concentric conductor copper 
lines of various diameters at various frequencies, assuming a ratio of 
diameters of 3.6. 

change with temperature. To a reasonable degree the change in fre-
quency with change in temperature can be considered as due only to 
change in length. 

In practice, lines used for frequency control are also subject to 
frequency variations due to unequal heating of inner' and outer con-
ductors. This effect is most evident -in lines used with relatively large 
power dissipation and low frequencies and causes a temporary fre-
quency drift while the line is warming up. The effect can be made small 
by using large dimensions and heavy material of good heat conduc-
tivity in the line. It is not very important in oscillators operated at 
50,000 kilocycles or higher with power levels obtainable from com-
mercially available tubes. 
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The approximate temperature coefficient of linear expansion, the 
i'itiviIies and heat, conductivities for materials Nvhich may be used 
advantageously in the const ruction of lines are as follows: 

Material 

- — - 
Copper 

invar (1,t ratevory) 

Temperature 

Parr. per Million 

2:1 
.ti 

U. Slii  
or le— 

Klectrical 
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Heat 
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0.112:1 

Fig. 2—Cross section of concentric conductor line one-quarter wave long having 
frequency adjustment and temperature compensation by means of flexible 
metal bellows and invar rod. 

Reducing the Tem perature Coefficient 

One of the simplest and most. effective means for reducing the tem-
perature coefficient. of frequency variation is to hold the effective length 

of the inner conductor constant, regardless of temperature. This can 
be done in the manner shown in Fig. 2, where a small portion of the 
inner conductor is made in the form of a flexible metal bellows, and 
the inner conductor, including the bellows, is held constant in length 
by means of a rod of material, such as invar, which has a very low ex-
pansion coefficient. This construction is also particularly well adapted 
to making exact adjustments of frequency by adjusting the free length 

of the invar rod to stretch or compress the flexible bellows. 
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Fig. 3 shows a form of line constructed with two sizes of inner con-
ductor in such a way that the over-all length of line required to tune 
to a given frequency is greatly reduced. The lengths of each of the two 
sizes of conductor are made substantially equal and the over-all length 
of both is held constant with the invar rod and flexible bellows system. 
In such a line the smaller Conductor and outer pipe form an effective 

inductance while the larger conductor and outer pipe form an effective 
capacity. The inductance and capacity are each very nearly propor-
tional. to the length of the respective conductors. Since the over-all 
length of the two inner conductors is constant, and the two are equal 

co/v/vccrzoits. 

Fig. 3—Cross section of concentric condt ctor line having frequency adjustment 
and temperature compensation combined with shortening of over-all length 
by use of two diameters of inner conductor. 

in length, any elongation or contraction of the smaller conductor, due 
to change in temperature, causes an equal and opposite percentage 
change in the larger conductor. Thus changes in temperature vary 
the inductance and capacity of the circuit equally and oppositely and 
there is little if any change in natural frequency. If lines are to be used 
which are physically shorter than a quarter wave, the general arrange-
ment of Fig. 3 is a satisfactory form of construction. 

Another method for reducing the temperature coefficient and at 
the same time shortening the line is indicated in Fig. 4. This form of 
line makes use of the difference in temperature coefficient of expansion 
of copper and aluminum to vary the capacity of C in a direction tend-
ing to compensate for variation in length of the inner conductor. If 
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the line temperature rises the aluminum expands more than the copper 
and so increases the spacing of the plates at C. This decreases the ca-
pacity at C and tends to increase the resonant frequency of the line, 
compensating the tendency for the frequency to decrease as the copper 
inner conductor increases in length. This arrangement also tends to 
compensate for the higher temperature rise of the inner conductor due 
to losses in the line. Fig. 5 is an inverted variation of the arrangement 
shown in Fig. 4. Both these arrangements require careful design, con-
struction, and adjuStment and are not so convenient to use as the lines 
of Figs. 2 and 3. 
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Fig. 4--Cross section of temperature compensated line employing copper inner 
conductor and aluminum outer conductor. 

Fig. 5—Cross section of temperature compensated line employing aluminum 
inner conductor and copper outer conductor. 

Figs. 2, 3, 4, and 5 show quarter-wave lines which are most ob-
viously applicable to single tube oscillators. Of course, the lines may 
also be made a half-wave long, equivalent to two quarter-wave sections 
in series, in which case they are most readily applicable to push-pull 
oscillators. To save over-all length the half-wave system may be bent 
into the shape of a U as shown in Fig. 6. 
Fig. 6 shows a means for compensating the effects of temperature 

variation by using the relatively large variation in volume of some 
liquids, such as lubricating oil, with change in temperature to operate 
a condenser plate. The oil is contained in a pipe system exposed to the 
same temperature variations as 13 ..ne and operates the condenser 
plate through a flexible metal bellows and a lever arm. By suitably 
locating the oil piping and varying its insulation, together with proper 
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adjustment of the condenser plate and bellows it is possible to obtain 
quite close compensation for temperature variations due to changes 
in ambient temperature and due to line losses. However, considerable 
skill and patience is required in making the design and adjustment. 
Eventually, when materials of low temperature coefficient become 

more readily available in commercial shapes it is probable that they 
will be used to obtain lines having low temperature coefficients without 
compensating arrangements. Lines constructed of these materials will 
require silver or copper plating of the conducting surfaces. 
Internal stresses in the material of the lines, which may cause pro-

gressive changes in dimensions due to temperature cycling, should be 
avoided by care in manufacturing or by suitable beat treatment. This 

, 

- 

---,.. 

- -   
/il. W6- A"  c",,,,, ,±7c/C7-072   ' 

: 

25%.7 0i1-3' 

& 
& 

  .   
 -. 

L \ / v,L-A-  c-o.V.Z Nic 7-072  .; 

\ I Of/7,-R  C.,....,7-7/1,7-na=.----..-

C O N.1;2-/VSE,2 7.2 A72- 

CO,YZJE-nis-E ' PLA TE P4-.5 

/2.6"x hat4" /-7Z7-4z..75Q-41.4.,S • 

C7'  /T 

COne.VOCT-O X'. 

Fig. 6—Half-wave line with temperature compensation by means of condenser 
plate controlled by expansion and contraction of a liquid. 

source of frequency variation is most troublesome in newly constructed 
lines and will usually decrease with age. 

Circuits for Line Controlled Oscillators 

In general, lines may be used for frequency control, and will oper-
ate in a manner similar to piezoelectric crystals. They differ from 
crystals chiefly in their ability to control high power oscillators and in 
their ability to perform satisfactorily at frequencies far higher than can 
be reached by crystals. As we go to higher frequen cie'S, crystals grad-
ually become less useful in stabilizing oscillators while lines increase 
in their stabilizing ability. 

Fig. 7 shows a line controlled oscillator similar to one often used 
for crystal oscillators. In operating this circuit it is best to adjust the 
regeneration control condenser to give about the smallest feedback 
from plate to grid circuit which can be used to make the oscillator work 
efficiently. Any excess feedback reduces the ability of the line to sta-
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hilize the frequency. The circuit will function with the regeneration 
control condenser set either a hove or below the capacity value required 
for a balance but one adjustment or the other will be preferable de-
pending upon the ratio of effective resistance in anode and grid circuits 
and the frequency. The resistance ratio, electron time lag al, very high 
frequencies and feed-hack adjustment are all factors which should he 
taken into account to determine which adjustment will give the hest, 
phase relation between anode and 12:rid radio-frequency volt ages. 

Fig. 7—Single tube line controlled oscillator; circuit. 

S is a push-pull oscillator circuit similar in principle and opera-
tion to the single tube circuit, of Fig. 7. 

_L 

Fig. S—Push-pull line controlled oscillator circuit with half-wave line. 

Fig. 9 is a circuit suitable for stabilizing the frequency of a push-
pull oscillator by means of a quarter-wave line. In this circuit the grids 
of the two tubes are inductively coupled to the line by means of cou-

pling loops of opposite polarity. 

Line Controlled Transmitter Combinations 

In some cases, where the antenna system is made mechanically 
rigid and free from variations in input impedance due to weather, it 
is possible to obtain acceptable frequency stability with the oscillator 
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coupled directly to the antenna. For very high frequency transmitters 
of limited range, in places where interference is not a problem, single 
stage transmitters will often be entirely satisfactory and can be recom-
mended. The interisland radiotelephone system of the Mutual Tele-
phone Company, in Hawaii, where single stage line controlled trans-
mitters have been in regular commercial operation since 1931, is an 
eXcellent example.1,6 

In most cases, however, it is desirable or necessary to interpose one 
or more stages of amplifier between the line controlled oscillator and 
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Fig. 9—Push-pull line controlled oscillator circuit with quarter-wave 
line and inductive coupling to line. 

the antenna. For most ordinary requirements a single radio-frequency 
amplifier between oscillator and antenna will suffice if the amplifier is 
carefully neutralized and shielded to prevent feedback to the oscil-
lator. 

For very accurate frequency control, such as will be required in the 
future to make maximum use of very high frequencies, two stages of 
amplifier following the oscillator are recommended. At frequencies 
near the upper limit for the tubes it is desirable to operate the master 

6 Beverage, Peterson, and Hansell, "Application of frequencies above 30,000 
kilocycles to communication problems," PROC. I.R.E., vol. 19, pp. 1313-1333; 
August, (1931). 



Hansen and Carter: Frequency Control  607 

oscillator at a half or a third of the final output frequency and to fol-
low it with a frequency multiplying amplifier and a power amplifier. 
The use of frequency multiplication permits the oscillator to work at a 
lower frequency where the tubes are more efficient and very greatly re-
duces the probability of frequency changes due to variable radio-

frequency feedback from the later stages.' 
When line control is used to control a relatively low-frequency 

transmitter it will sometimes be desirable to operate the oscillator at 
two or three times the output frequency and to follow it with a con-
trolled oscillator and power amplifier, both operated at the output fre-
quency. This greatly reduces the dimensions of line, and improves its 
frequency holding ability. By careful design and adjustment the con-
trolled oscillator can be made to serve as an uncoupling link between 
the oscillator and power amplifier with an effectiveness about equal 
to that obtained from a frequency multiplier. 
The controlled oscillator should have weak regeneration at the 

output frequency so that the grid voltage at the output frequency and 
the grid voltage at the harmonic input frequency will not be greatly 
different. It may also be noted that the controlled oscillator should not 
be amplitude modulated by any great amount. Amplitude modulation 
should be applied only to the power amplifier. 

PRECAUTIONS FOR REDUCING -UNDESIRED MODULATIONS 

In general, line controlled oscillators require the same precautions 
for obtaining a pure continuous wave output as are required for crys-
01 I oscillators. Ripples in the direct power voltages and alternating 
cathode heating current all tend to produce undesired amplitude 
phase, and frequency modulations of the output. Because of the line 
these undesired modulations will be far less than they would be in a 
simple oscillator but they will al ways be preseia. 
The most obvious means for reducing- these modulations are to use 

very smooth direct voltages and direct-current cathode heating. Both 
of these expedients are undesirable from the standpoint of cost, sim-
Plinity, :ifid reliability bud, may be necessary in some cases. In other 
cases, satisfactory results may be obtained while using, alternating-
current, cathode heating and impure direct-current anode supply by 
Inking a, few simple precautions. 
Amplitude modulations introduced in all hut, the last stage, may be 

kept small by using sufficient excitation in the later stages to produce 
limiting. If the last stage is amplitude modulated by means of the 

1 I k now, lirimr,ti, and liantioll,  "Short-wave commorcial 
communication," l'uoc. 1.1t.N., vol. 15, pp. 497-500; June, (1927). 
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Heising constant current modulating system this stage is automati-
cally provided with very good anode supply smoothing by the modu-
lation choke. 

Elimination of undesired phase and frequency modulations re-
quires bolding constant tube impedances and the use of circuits tend-
ing to minimize the effect of changing impedances upon the tuning of 
the circuits. Small grid current and the use of grid leak and cathode 
return resistor biasing, particularly in the oscillator and next succeed-
ing amplifier, assist materially in holding constant effective grid im-
pedances, provided the resistances have sufficiently small parallel di-
electric capacity to prevent appreciable phase lag in bias variation in 
response to radio-frequency amplitude variations. Also the effective 
series radio-frequency reactance from the anodes of one stage to the 
grids of a succeeding stage must be made a minimum. Leads from the 
output circuit of one stage to the input circuit or grids of a succeeding 
stage should be large and extremely short or else equal to a half wave 
or multiples of a half wave long. Leads which are near a quarter wave 
or multiples of a quarter wave in length should be carefully avoided. 
It is interesting to note that any phase or frequency modulation 

noise introduced in an early stage of a transmitter will be increased in 
proportion to the amount of frequency multiplication used after that 
stage. A crystal. controlled transmitter having an output of 100,000 
kilocycles would probably start out with an oscillator frequency of 
about 3125 kilocycles. One degree of phase modulation in the output 
of the crystal oscillator would then appear as thirty-two degrees in the 
output of the transmitter and produce side frequency energy equiva-
lent to that obtained with. about sixty per cent amplitude modulation. 
With line control the oscillator may be operated at the output fre-
quency so that one degree of phase modulation in the oscillator will 
appear as one degree in the transmitter output. 

Mechanical vibration of the line and circuits must be prevented. 
This requires rigid construction of the line and all coils, condensers, 
leads, etc. Poor workmanship must be avoided. If the equipment is to 
be operated near rotating machinery or other sources of vibration it is 
desirable that the whole radio-frequency system be hung on springs 
and rubber shock absorbers so adjusted that the rubber is subjected to 
little initial stress. 

EXAMPLES OF LINE CONTROLLED TRANSMITTERS 

Transmitters TVQ0 and TV HR 

Figs. 10 and 11 show the general construction and mounting of the 
lines used to control the frequencies of transmitters WQ0 -6725 
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kilocycles and WHR-13,420 kilocycles, respectively, at the Rocky 
Point, New York, station. These two transmitters each have two 
RCA-846 tubes in a push-pull master oscillator, employing the circuit 

Fig. 10— Line controlled master oscillator for commercial transmitter 
WQO-6725 kilocycles. 

Fig. 11 —Line controlled master oscillator for commercial transmitter 
WHR-13,420 kilocycles. 

shown in Fig. 8, and two UV-858 tubes in a push-pull power amplifier. 
The master oscillators are located inside the boxes at the ends of the 
lines, above the power amplifier units. Keying is accomplished by grid-
bias control of the master oscillators. Both transmitters are supplied 
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with anode power from a common rectifier. The two transmitters are 
operated alternately for day and night service but can be operated 
simultaneously at reduced power. Both are started, stopped, and 
keyed by remote control over the control circuit from New York, 
about sixty miles away. Application of keying energy to the control 
circuits in New York automatically starts up either transmitter and 
removal of the keying for several minutes automatically shuts it 
down. 
These two line installations are each a half wave long and employ 

the arrangement illustrated in Fig. 6 for compensating the effect .of 
temperature variations upon the frequency. The line for WQO -6725 
kilocycles has an outer pipe eight inches inside diameter, #10 Stubs 
gauge copper and an inner pipe of two-inch iron pipe size copper. The 
line is built up in four sections joined together at the ends into one 
half-wave oscillator circuit. 
The line for WHR-13,420 kilocycles has an outer pipe twenty 

inches diameter, #12 Stubs gauge copper and an inner pipe of five-
inch iron pipe size copper. It is built up in two sections bent into one 
U-shaped oscillator circuit. 

The RCA Central Frequency Bureau, at the Riverhead, New 
York, receiving station, makes frequent routine checks on the fre-
quencies of all transmitters operated by R.C.A. Communications, Inc., 
as well as those of most other transmitters engaged in long-distance 
service. These routine checks have been utilized to determine the rela-
tive effectiveness of line control in maintaining the frequencies of 
WQO and WHR. 
Taking the period of May 1, 1934, to April 30, 1935, as repre-

sentative, these checks show maximum variations of WQO and WHR 
to be 0.01 and 0.015 per cent, respectively. The average of maximum 
variations reported in any one week were WQ0 -0.0052 and WHR-
0.0056 per cent. The average of weekly maximum variations reported 
for a representative group of fifty crystal controlled transmitters in the 
same period was 0.0115 per cent. 
Fig 12 is a photograph of W2XHG-25,700 kilocycles, 100 to 150 

watts, located on the roof of the RCA Building, New-York City. This 
transmitter as shown in the photograph had a line controlled master 
oscillator followed by a modulated power amplifier, utilizing RCA-852 
tubes. The line was constructed in the manner illustrated in Fig. 3. 
For propagation survey purposes the transmitter has been adjusted . 
successively for a range of frequencies from 25,700 kilocycles upwards. 
The antennas usually used have been horizontal dipoles at the top of a 
mast which extends from the transmitter room to about twenty-eight 
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feet above the roof. The base of the mast may be seen at the left of the 
transmitter. The transmission line to the antennas was run inside the 

mast. 

tiT 

Fig. 12--Line controlled transmitter on roof of RCA Building, 30 Rockefeller 
Plaza, New York City, operated at 25.7 megacycles or higher. 

Fig. 13 is a photograph of W2XBN-91,800 kilocycles, 100 watts, 
located on the top floor of the Continental Bank Building at 30 Broad • 
Street, New York City. This transmitter utilizes RCA-852 tubes and 
has a line controlled oscillator, similar to Figs. 2 and 7, at 45,900 
kilocycles followed by a frequency doubler and an amplifier system. It 
provides a multiplex radio control circuit between the central traffic 
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office of R.C.A. Communications, Inc., at 64 Broad Street, New York 
City, and the transoceanic station at New Brunswick, N.J. A directive 
antenna on the roof provides a power gain of about eight to one. 

Fig. 14 is a photograph of W2XS-200,000 kilocycles designed with 
a master oscillator utilizing RCA-800 or RCA-834 tubes followed by 
a power amplifier utilizing small water-cooled tubes. Both stages 
operate at the same frequency. The final output is about 250 watts. 

Up to the time of writing this paper about twenty-five or thirty 
line controlled transmitters for both experimental and commercial 

Fig. 13 —Line controlled transmitter on roof of Continental Bank Building, 
30 Broad Street, New York City, operated at 91.8 megacycles. 

service have been built. At the lowest frequency, 6725 kilocycles, the 
power output was about thirty kilowatts. At the highest frequency, 
450,000 kilocycles, the power output has ranged up to 110 watts. 

CONCLUSION 

Our experience during the past six years with line control of oscil-
lator frequencies indicates that the method has great potential useful-
ness. It seems almost certain that it will provide a frequency stabiliz-
ing device for use at frequencies above about 20,000 kilocycles of as 
great practical value as piezoelectric crystals have been for use at 
lower frequencies. 
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APPENDIX 

Radio-Frequency Resistance 
In order to illustrate the principles involved in the phenomena of 

skin effect we shall first consider a very simple case. Assume a tubular 
line in which the inside conductor consists of two thin tubes a and b, 
differing in radius by da connected in parallel and in which the single 
tube outside conductor has the radius C. (See Fig. 15.) 

Fig. 14—Development model line controlled transmitter for 
operation at 200 megacycles. 

Faraday's law states that the line integral of electric force around 
any closed circuit is equal to the negative rate of change of magnetic 
flux through the circuit, in accordance with the right-hand screw rule. 
Taking a path of unit length on conductors a and b in a plane cutting 
them longitudinally, we have Ea—E b= di dt(43„b). The magnetic force 
H between a and b is equal to 2ial a. If the current is sinusoidal and 
represented by the real part of Left.", didt(ia)=jwia and Ea— E 
= — jw(2iala)da, as the area of a unit length is da. If R is the resistance 
of both a and b we have from Ohm's law: 

Ea = iaR and Eb = ib R 
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Hence R(i„ —ib) = --1„(2jco(da /a)). 2da/a is the inductance per unit 
length of a circuit consisting of tubes a and b alone. Calling this Lab 
we have: 

11),(i„ — ib) = — jwL„bi„ 
or, 

= 

R  jwLab 

From this relation it is apparent that if either the resistance ap-
proaches zero or the frequency approaches infinity, the current will all 
flow in the tube of larger radius. Also it should be noted that the radius 

Fig. 15 

C 

Fig. 16 

C of the return conductor has no effect upon the distribution of the cur-
rent between a and b. 

Let us now consider the actual problem of current distribution 
within a solid conductor. For frequencies of the order of megacycles we 

know the penetration of current to be very small. If we,assume this at 
the start so that we can neglect a change in resistance of successive 
thin cylinders as the radius is decreased, the problem of determination 
of effective resistance is greatly simplified. We shall proceed upon this 
assumption. Call the distance from the surface of the conductor X and 
the distance along the axis Z. (See Fig. 16.) 

Let u = the current density the real part of tie.'" so that du/dt 
=ja)u. 
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Take a cylinder of thickness dx at a distance X from the surface 
and draw a circuit of unit peripheral length. The total current within 
this circuit is udx, the magnetic force at X is H and at X+dx is 
H +( H Sx)dx. The line integral around the circuit is then H — 

(H + (SH / ax)dx)= —( H/Sx)dx. 
This by Ampere's law is equal to 4:ir times the total current in-

cluded. 
Hence 4.7rudx = —  /Sx)dx or 4:7ru = — SH 15x. 
Now take a circuit in a longitudinal plane. Since the current in the 

first case was assumed flowing into the paper the line integral of ,elec-

tric force around a circuit of unit length is 

E +  )  SE —   +  dx   dx. 
ox  Sx 

This by Faraday's law is equal to the negative rate of change of 
magnetic induction included by the circuit, or ild/dt(Hdx). 

Hence, 

dH 
 dx =  au  dx where  = permeability 
Sx  di 

Or, 

SE  dI-I 
  =  kt   
Sx  di 

Differentiating with respect to X and substituting for SH 15x we get 

62E  d ( SH)  du 
= — ,u    = Lirbt — = 471-pjcou. 

Sx2 dt  & dt 

However, from Ohm's law E = pu where p is the resistivity. Hence 

52u/ox2=j(47-cou/p). The solution of this differential equation is 

u = uoe ca4-iox 
where, 

a = -V27rwm/p. 

The total curtent per unit peripheral length is then 

no 11 0 

i0 =  u0  I -a(l+i)x    E - i( 44). 

0  (X(1 +  j)  A/2a 

The average heat loss per unit area and unit length is (U2/2)pdx 

or (UO2/2)(caz)2dx. 
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The total heat loss per unit width is (Uo2p/2)fo'c'0zdx  uo2p/4 a 
P(i02/a). 

Hence the effective resistance = p-\./27rp(A)/ p = -\/27rypco per unit 
width. 

For a radius r the resistance is R = V.27r,upw/27r1  V,ufp/T electro-
magnetic units. 

In practical units R YikiP/r X10-9 ohms per centimeter length 
for r in centimeters. 

For copper p=1724 electromagnetic units, it =1 and R = (41.5/r) 
V/X10-' ohms per centimeter of length. 
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The relation for current distribution shows that the current density 
falls off exponentially as we proceed away from the surface into the 
wire and the phase shifts through an angle of ninety degrees in pro-
ceeding from the conductor surface to an internal position where 
the value of the current is negligible. The phase angle of the total 

current lags that of the surface current by forty-five degrees. We 
may consider this phase-shift effect to be due to an internal self-
inductance. It may be of interest to note the manner in which the 
current distributes itself near the surface of a conductor at different 
frequencies. This is shown for several frequencies in Fig. 17. It may be 
noted that for a frequency of ten megacycles the current density be-
comes ten per cent of its value at the surface at a distance of five 
thousandths of a centimeter. It is apparent from the foregoing reason-
ing that the same relations hold for both the internal and external con-
ductors of a concentric tube line. Hence for the total resistance of a 

unit length of concentric copper tube line we have R =41.5 X 10-o 
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1( 1/a -1-1,:b) ohms per centimeter where (I and b are the radii of the 

tubes in centimet ers. 

Power Factor 
A tuned transmission line short-circuited at the far end an odd 

number of quarter waves long has a distribution of voltage given ap-
proximately by E= En cos 2r.r1'X and a current distribution given by 
(E0/Z  sin 23-,-.r/X where X is the distance, Z,, the characteristic 

impedance -= \//,/-0, and E,, the input, voltage. For open-circuited lines 
any integral number of half waves long the distribution of voltinre and 

current is given by E=10Zosin 27.r, "X  = /0 cos 27.r, 'X. 
The power dissipated in a section of length Ill is 12111(1.1. where l is 

the resistance per centimeter. 
The total power is then 11-=.1/o'N sin .'(227.r:Xn/y= t‘1:24,,'/?/. 

lience the effective resistance is 1'.:2. 'rhc dispincenwnt current 

in a length (IN is Ecord.r and the volt amperes t,  \\lieie 

is the capacity per centimeter of length. 

The total volt-amperage is then 

wrE021  7E0'2/  /o/ 
1"  f :1, =   wrE02 sill  = 

• 0  X 
we 

watts 
For all practical purpos...s the effective power factor = 

j* E0 2Cilel  Z02WC 

But, Zo =60  b/a 

1  1 
and C=  X  X 10-" farads per centimeter 

2 log, b/a  9 

VA 

1? 
and the power factor =PP -=   where I? is in ohms 

2 X 10-9 w log, b/a 
, 

per centimeter length but • R=  pf 
magnetic conductors. 

Vri; 

+1,./b) X 10—) assuming non-

1  1 
Hence PP=  — 

a  b) 
( --1-

2w log, b/a 

3 .3 
and for copper PP=  _  ± 

( 1  1  1 - 
  for a and bin centime-

/f  \a.  b, log, b/a 
ters. 
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The power factor may be expressed in terms of the attenuation 
constant in which it becomes PF  aX/r where a is taken for the same 
unit of length as X. 

When b/ a. is made the best ratio, 3.6, for minimum loss, the power 

1 
factor becomes PF =  A  or   — 47ra  —f and .for copper 

_ 47ra . f.  PF  F 

PF =1. 905 X 10-5  , for a and X in centimeters, and 
a 

Q = 5.25 X 10-4  a 
-VX 

Voltage Gradient 

The maximum electric force or voltage gradient E for a concentric 

TT  1 
tube line is given by Ea=  X— volts per centimeter where V 

log, b/ a a 

is the voltage. For a given voltage and given outside tube diameter 
this becomes a minimum when b/ a = E -2-22. 72.  However, this is not 
usually of interest. The important consideration is that of obtaining 
a maximum of volt-amperage for a given gradient. In terms of volt-
amperage the gradient E becomes 

60 
E   rl/X — /a(log, b/a)"2. 

Minimizing this expression we find b/ a = 6112,1.65.  
For this ratio the gradient becomes 

10.2  VA 
E     volts per centimeter. 

b  1/X 

When the line is designed for a minimum loss (b/ a = 3.6) the gradi-
ent is thirty-six per cent greater than the value given above. 

Input Impedance 

The input impedance Zo of a quarter-wave line short-circuited at 
its far end or .of a .half-wave line open at its far end is 

Zo Zo 
Zi   

tanh a/ — a/ 

where a is the attenuation factor. 
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However, a= R/27,0 and therefore 

2Z0 2 

R1 

which in terms of b and a becomes 

2 . CO2(log, b/a) 2 
z, = 

41.5 X 10-Y f(1/a 1/b)/ 

Maximizing this expression we find Zi to be a maximum when 

b/a= E2 (14.a/b)  or b/a = 9.18. 
When the ratio is 9.18 the input impedance becomes 

8.4 X 10" 
Zi  -  X b ohms, for b and 1 in centimeters 

0 1 
= 11 . 2b-Vf  for a one-quarter-wave-length line (closed) 

or  5. 6b,\/f  for a one-half-wave-length line (open). 
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CALCULATION AND DESIGN OF CLASS C AMPLIFIERS* 

BY 

FREDERICK EMMONS TERMAN ANT) WILBER C. ROAKE 
(Stanford University, California) 

, Summary —A method of calculating the performance of class C triode ampli-
fiers is presented which is based on the assumption that the total space current 
(4-140) is proportional to (E2-1-E/µ),, where a is a constant, usually close to 
three halves. The direct-current and fundamental alternating-current components of 
such a space current pulse are presented (graphically) as a function of the angle of 

current flow, for various values of a, and it is shown how to obtain the plate current 
components by estimating the direct grid current, and correcting for the current 
diverted to the grid. 

It is shown how the results of the analysis may be applied in a straightforward 
manner to lay out class C amplifiers on paper, and to predict power output, power 
input, plate loss, etc., for any particular set of operating conditions. The method is 
applied to several examples and the accuracy shown to be satisfactory for all ordinary 
design requirements. 

N designing a class C amplifier one normally starts with a particu-
lar tube and attempts to realize the optimum operating conditions. 

  This can be done either by setting up the amplifier and following 
a cut-and-try process, or by making preliminary calculations on paper. 
The latter method is the most satisfactory since it is much quicker, 
particularly when large tubes are involved, and is also more certain of 
yielding the optimum design. 

An exact calculation of class C amplifier performance requires that 
a complete set of characteristic curves be available. With this informa-
tion one can trace out the plate and grid-current pulses for any operat-
ing condition, following the method originally devised by D. C. Prince.' 
This procedure can be simplified somewhat by, plotting the tube charac-
teristics in the form of constant current curves as described by 
Mouromtseff and Kozanowski.2 Such point-by-point calculations give 
the exact performance, but unfortunately the amount of labor involved 

is such that class C amplifiers have usually been built on the cut-and-
try basis. 

In the last several years a number of approximate methods of de-

* Decimal classification: R355.7. Original manuscript received by the In-
stitute, November IS, 1935. 

1 D. C. Prince, "Vacuum tubes as power oscillators," Pnoc. I.R.E., vol. 11, 
pp. 275, 405, 527; June, August, and October, (1923). 

2 MourOmtseff and Kozanowski, "Analysis of the operation of vacuum tubes 
as class C amplifiers," Pnoc. I.R.E., vol. 23, pp. 752-778; July, (1935). 

620 
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signing class C amplifiers have been described.3.L1.6 These are all based 
upon the assumption that the plate current of the tube can be repre-
sented by some simple law and that the grid current, can be neglected. 
Some of them are also limited to such special operating requirements as 
a maximum positive grid voltage equal to the minimum instantaneous 
plate potential. As a result, none of these methods of approximate 
analysis is entirely satisfactory for practical problems. 
The purpose of the present paper is to present a means of calculat-

ing class C amplifier performance which is both simpler and more ac-
curate than the approximate analyses mentioned, and which at the 
same time does not neglect, the grid current and is not limited to special 
operating conditions. The method is essentially an extension of a pro-
cedure described in a previous paper,7 and has been in use for several 

years at Stanford University. 

VOLTAGE AND GRID RELATIONS IN CLASS C AMPLIFIERS 

The circuit and fundamental voltage and current relations of a 
class C amplifier are illustrated in Fig. 1. The voltage actually applied 
to the grid of the tube consists of the grid bias E, plus the exciting 
voltage E. The relations are normally such that at the crest of the 
cycle the grid is driven appreciably positive and consequently draws 
some grid current. The voltage actually appearing at the plate of the 
tube consists of the battery voltage E b minus the voltage drop EL in 
the plate load impedance, and so has the wave shape shown in Fig. 1(a). 
The phase relations are such that the minimum instantaneous plate po-
tential Emfn occurs the same part of the cycle as the maximum grid 
potential Emax. The alternating components of the plate and grid volt-

age are also always sinusoidal since they are developed across sharply 

resonant circuits. 
The plate and grid currents that flow at any instant are the result 

of the combined action of the plate and grid potentials at that instant, 
and can be determined from these potentials with the aid of a set of corn-
plete characteristic curves of the tube. The plate current is in the form 
of an impulse flowing for something less than half a cycle. The grid cur-

L. B. Hallman, Jr., "Fourier analysis of radio-frequency power amplifier 
wave forms," PROC. I.R.E., vol. 20, pp. 1640-1659; October, (1932). 

4 IV. L. Everitt, "Optimum operating condition for class C amplifiers," 
PRoc. I.R.E., vol. 22, pp. 152-176; February, (1934). 

6 Burton F. Miller, "Analysis of class B and class C amplifiers," Pnoc. 
I.R.E., vol. 23, pp. 496-510; May, (1935). 

A. P. T. Sah, "The performance characteristics of linear triode amplifiers," 
Science Reports of National Tsingluta University, Peiping, China, vol. 2, pp. 49 
and 83; April and July, (1933). 

7 F. E. Terman and J. H. Ferns, "The calculation of class C amplifier and 
harmonic generator performance of screen-grid and similar tubes," PRoc. 
I.R.E., vol. 22, pp. 359-373; March, (1934). 
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rent flows only when the grid is positive, and is usually sharply peaked. 
In some cases the grid current may reverse and be negative for a por-
tion of the time as a result of secondary emission. The sum (/,--1-/a) of 
plate and grid currents represents the total space current flowing away 
from the filament, and is shown in Fig. 1(c). This current always has 
its peak at the instant when the grid and plate potentials are Ema. and 
E mi „, respectively. 

A 

Ec Et, 

(a) Plate voltage 

(b)Grid voltage 
1,,.EMOX 

(c)7o/s/ space curreol 

(d) Rote current 

(f) arid curretil 

f  ‘•  

Fig. 1—Circuit and voltage and current relations of 
class C amplifier. 

The average value of the plate current pulse over a Complete cycle 
represents the direct current which will be observed in the plate cir-
cuit, while the average value of the grid current pulse is likewise the 
• direct grid current. The power input which must be supplied by the 
plate battery is the direct plate current times the plate supply voltage 
E b. The power delivered to the load is equal to half the product of 
alternating voltage EL =Eb—Ernin  across the load and the crest value 
of the fundamental frequency component of the plate current impulse. 
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BASIS ()F ANALYSIS 

l'he analysis given in this paper is based upon the assumption that 
the total space current  /„) can be expressed by the following-

mathematical relation 

total space current = (/),  =  Eu  

where E„ and E,, are instantaneous plate and grid v(iltnges, res pec-
tively, µ is the amplification factor of the tube, and K and a are con-
stants. The exponent a in tl) is normally very close to three halves and 
would he exactly three halves if the tube were perfect ly symmetrical and 

had full space-charge saturation. Actually it. is found that the charac-
teristic of ordinary power tubes follows the relationship given in I 1) 

reasonably well. 
Upon the assumption that the space current is of the form given 

by (1), One can plot curves which give the relationship between the 
direct current and fundamental frequency components of the t otal space 
current in terms of the maximum space current. I„, and the number of 
electrical degrees 0 during which the plate current flows. Such curves 

have been calculated according to the method g,iven in the Appendix 
for various values of a between 1 .0 and 2.0, and are presented in Fig. 2. 
The importance of these curves is that they enaille one to determine 
the direct-current and fundamental alternating-current components of 
the space current impulse without the necessity of resorting, to point-

by-point calculations. 

DEsn3N PROCEDURE 

The procedure for designing a class C amplifier making use of the 

curves of Fig. 2 involves a sequence of steps as outlined below. 
First. The first step is the choice of a suitable value of crest space 

current /„,. The maximum value permissible is determined by the elec-
tron emission which the filament is capable of producing, and in order 
to use the full possibilities of the tube it is usually desirable to select 

the highest possible value of I,„. With tungsten filaments it is common 
practice to make I„, equal substantially the full emission from the fila-
ment in the case of class C amplifiers, and perhaps two thirds this for 
modulated and class B amplifiers where linearity is important. With 
thoriated tungsten filaments the deterioration during life is such that 
factors of safety of three to seven are common, with the exact value 
depending upon how thoroughly the tube has been evacuated. The 

characteristics of oxide-coated filaments vary so much that still higher 
factors of safety must be employed with them. 
Second. After an appropriate value of maximum space current has 
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been determined one next selects a combination of values for maximum 
grid potential Em fix) and minimum plate potential Ernin , that will draw 
this total space current. What is desired is the lowest possible value of 
minimum plate voltage Emir, because the lower the plate voltage the 
higher will be the efficiency of the amplifier. In order to draw the full 
space current with a low minimum space current it is then necessary 
•to make the maximum grid potential Erna. large. However, the maxi-
mum grid potential should never under any conditions exceed the mini-
mum plate voltage since this will cause the grid current to be excessive. 

.6 
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I  I  I I 
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.5PAcE CURRENT IMPULSES 
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180 

e = Angle of curren+ flow - degrees 
Fig. 2—Curves giving the direct-current and fundamental frequency com-

ponents of the space current impulse as a function of the angle of flow, for 
various values of a in equation (1). 

This large grid current is diverted away from the plate, thereby re-
ducing the output power, and also represents large driving power since 
it means a high power consumption in the grid circuit. The usual prac-
tice is to make the maximum grid potential approximately equal to the 
minimum plate potential with tubes which operate at a few thousand 
volts plate potential, while with large water-cooled tubes the maximum 
grid potential is normally considerably less, perhaps one half to one 
fifth of the minimum plate potential. 

When complete tube characteristics are available one can determine 
from them combinations of Emin  and Em„„ which will draw the desired 
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value of total space current. When complete characteristics are 
not available, satisfactory results can be obtained by plotting the 
total space current, Ur-14,71 as a function of effective anode voltage 
(Ea-I-Er/0 on log-log paper, covering the range of values which can 
be taken in the usual point-by-point. way without overheating the tube. 
This curve will be substantially a straight line and can then be extrap-

olated to the desired total space current I„,. 
Third. One is now ready to select the fraction of the cycle during 

which plate current. flows, and to calculate grid bias and exciting volt-
age. The fraction of the cycle is determined as a compromise between 
a number of conflicting factors, since a small value gives high plate 
efficiency but results in small power output and large driving power, 
while a large value gives a large output, but makes the plate efficiency 
low. The factors normally balance when the current flows for some-

thing between 00 and 180 electrical degrees. 
The grid bias E, required to cause the plate current to flow for 0 

electrical degrees is given by the equations 

Eb ET,in  cos 0/2 
grid bias = E„ =  (2) 

p , 1 — cos 0 

where Em„, Emin , Eb, and p have the same definitiqns as above. With 

the grid bias E. and the maximum positive grid potential Enn„ both 

known, the exciting voltage is (Ernax —F Ec) • 
Fourth. One is now ready to calculate the power relations. The 'first 

step is the determination of the components of the total space current, 
for the In, and the angle of flow selected above. This is done with the 
aid of the curves in Fig. 2 using a value of the exponent a which ex-
perience indicates is desirable, and which in the absence of informa'cion 

to the contrary can be assumed to be three halves. 
The total space current determined in this way is divided between 

the plate and grid electrodes of the tube. In order to determine the 
effect of the grid current, it is necessary to make an estimate based on 
experience, of the•fraction of the total direct space current that. will 

be diverted to the grid. This percentage is commonly ten to twenty-five 
per cent in air-cooled tubes operating at plate potentials up to several 
thousand volts, while with water-cooled tubes it is less, with the grid 

8 This equation follows from the fact that at the instant the plate current 
stops flowing the signal and load voltages are 0/2 degrees from their crest values, 
so that at this instant the effective anode voltage is 

(Eb — (El, — Emin) cos 0/2 
  Ec ± (Em  tx + Er) cos  

and this must equal zero. 
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current often reversing as a result of secondary electron emission. After 
the probable grid current has been estimated, the direct plate current 
is obtained by subtracting the direct grid current from the direct-cur-
rent component of the total space current Im. In the event that the 
grid current is negative, the direct component of the plate current will 
.be larger than the direct-current component of the total space current. 

The fundamental alternating-current component of the total space 
current is likewise divided between grid and plate electrodes, with the 
amount going to the grid very nearly equal to twice the direct current 
component of the grid current. This comes about because most of the 
grid current flows during the very crest of the cycle, and as shown in a 
previous paper' this is equivalent to an alternating component that is 
twice the direct-current value of the grid current. The alternating com-
ponent of the plate current is hence the alternating-current component 
of the total space current as obtained from Fig. 2 minus twice the direct 
grid current. The power input to the class C amplifier is now the prod-
uct of battery voltage and direct plate current, or 

power input = Eb X  -Lk  (3) 

where /d, is the direct plate current. Likewise the power delivered to 
the load is equal to half the product of alternating plate current and 
alternating voltage developed across the load, or 

(Et, — Einin)/a, 
power output =   (4) 

2 

where la, is the crest value of the fundamental frequency component of 
the plate current. The plate dissipation is the difference between these 
two powers and the efficiency is their ratio. 

The grid driving power is then approximately equal to the direct 
grid current as estimated above times the crest value of the exciting 
voltage.' 

Fifth. The above steps give a complete solution of the class C am-
plifier for the assumed values of  0, Emax , and Emin . If the results 
obtained are not satisfactory, one can make a new choice of initial op-
erating conditions and recalculate to obtain more nearly the optimum 
performan cc. 

9 T his is because to a first approximation the grid current can be assumed 
to flow when the grid exciting voltage is at its crest. See F. E. Terman, "Radio 
Engineering," p. 234. Experimental work indicates that power calculated in this - 
way is in the order of five to ten per cent high. See H. P. Thomas, "Determination 
of grid driving power in radio-frequency power amplifiers," Pnoc. I.R.E., vol. 21, 
pp. 1134-1141; August, (1933). 
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EXAMPLE 

In order to show in detail how the above procedure is carried out, 
a class C amplifier will now be designed using a type 800 tube at 1000 
volts plate potential. The complete characteristic curves of such a 
tube as given by the manufacturer are shown in Fig. 3. 
The peak emission im will be taken as 407 milliamperes. This is ar-

rived at by assuming that initially the thoriated tungsten filament is 
capable of emitting 100 milliamperes per watt of heating power, and 
then allowing a factor of safety of six to provide for deterioration dur-

400. 
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Fig. 3—Characteristic curves of type 800 tube. 

2000 

ing life. With a small tube such as the 800, Emir , and Eff,„„ will normally 
be about equal. Assuming this equality and referring to Fig. 3, it is 
found that 123 volts on both grid and plate will draw a space current 
of 407 miliarnperes. rIThe next step is the selection of the angle of cur-
rent flow. A value of 120 degrees represents a reasonable compromise 
between high efficiency and large output and will be tentatively se-
lected. From the curves of Fig. 2, on the assumption that a =3/2, the 
factors for direct plate current and alternating plate current are 0.19 
and 0.35, respectively, so that the corresponding components of the 
total spnce current are 407 X0.19 =77.5 in  direct current, 
and 407X0.35-142 crest milliamperes of fundamental frequency. IL 
is now necessary to make allowance for the part of the total space cur-
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rent diverted to the grid. Assuming that twenty per cent of the total 
direct space current will be diverted to the grid as reasonable for small 
tubes, the direct grid current will be 15.5 milliamperes. The direct plate 
current is then 77.5— 15.2 = 62 milliamperes, and the fundamental fre-
quency component of the plate current is similarly 142 — 2 X 15.5 = 111 
milliamperes crest value. 
The power input to the plate circuit is the product of direct plate 

current and plate voltage, or 1000 X 0.062 = 62 watts, while the power 
output is half the product of crest alternating plate current and crest 
alternating voltage across the load, and so is 0.111 (1000 —123)/2 =49 
watts. The plate loss is 62 —49 = 13 watts, and the efficiency is 
49/62 = 79 per cent. 

The grid bias required. as calculated by (2) is found to be 198 volts. 
The crest alternating driving .voltage is (E,--I-Emax ) or 321 volts, and 
the grid driving power is to a first approximation 321 X 0.0155 =5.0 
watts. The load impedance that is required is the ratio of alternating 
voltage (Eb—Emin) to the alternating-current component of the plate 
current, and so is (1000 —123)/0.111 = 7900 ohms. 

If the above results do not represent the desired operating condi-
tions, one can readily make a new set of calculations on the basis of 
a new value of angle of current flow, or a different combination of Emm  
and Em„, or both. In particular it will be noted that although the 
above operating conditions develop the normal rated output, the plate 
losses are considerably lower than the maximum allowable loss, and 
that increased output at a somewhat lower efficiency could be obtained 
by using a larger angle of current flow. Also, by making Erma  >Emax , 
one could reduce the grid current, and hence the driving power. 

ACCURACY OF CALCULATIONS 

The only approximations involved in the method of analyzing class 
C amplifiers outlined above are the uncertainty regarding the exact 
amount of grid current, and the assumption that the exponent a in (1) 
is constant. The necessity of making a guess as to the grid current need 
not introduce appreciable error since the grid current is always a small 
proportion of the total space current, and therefore a considerable per-
centage error in grid current represents only a very small percentage 
error in the plate current components. Also any error in estimating grid 
current alters the calculated power input, power output, and tube 
losses, all in substantially the same proportions and therefore has little 
effect on the plate efficiency. 

The assumption that the exponent a in (1) is constant is found to 
be substantially correct over the essential part of the tube characteris-
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tics provided the peak space current /„, is not so great as to approach 
saturation by insufficient electron emission. In the case of tungsten 
filament tubes operated with total space currents very close to the peak 
emission available, some saturation effects are normally found. Even 
then the error that results is not particularly great, and alters both 
power input and power output ill about the same proportion, so that, 

the predicted plate efficiency will still be almost exactly correct,. 
With a little experience it is possible to make fairly accurate allow-

ances for these incipient saturation effects. Thus when the value of 
is taken from complete characteristic curves any tendency toward sat-
uration that is present will cause the calculated input and output 
powers to both be slightly low. On the other hand, when one extrap-
olates a curve of .T„, as a function of (E0 +E 1) to get the operating 
conditions required to draw the maximum space current l-„,, the calcu-

lated input and output powers will both be slightly higher than the 

true values. 
The accuracy obtainable with analyses based upon the curves of 

Fig. 2 is shown by the following examples. 
Example One. A point-by-point calculation of the performance of 

the class C amplifier considered above, using the same Einin , Emax, and 
angle of current flow, gives the following results: 

By analysis using  By exact point-by-
Fig. 2  point calculation 

Direct plate current  62.  ma  63.9 ma 

Direct grid current  15.5 ma  12.6 ma 
Alternating plate current  111.  ma  116.  ma 
Power input  62  watts  64  watts 

Power output  49  watts  51  watts 
Plate loss  13  watts  13  watts 
Plate efficiency  79  per cent  79.5 per cent 

It will be noted that if the grid current had been more accurately 
estimated the agreement would have been practically perfect. 
Example Two. Mouromtseff and Kozanowski2 have given on page 

761 of their recent paper the results obtained from a point-by-point 

analysis of a tube having characteristics such as shown in their Fig. 1, 
under the following conditions: 

b = 20,000 volts 
E min =  6,500 volts 
Enrn x =  740. volts 

Grid bias= 1,400 volts 
20 

Direct grid current= —100 milliamperes 
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From these data, the angle of current flow is found by (2) to be 148 
degrees. Reference to the characteristic curves given for the tube shows 
that the maximum space current is 7.2 amperes. With these data, the 
results calculated with the aid of the curves of Fig. 2 for a =3/2 are 
given in the following tabulation, together with the exact results cal-
culated by Mouromtseff and Kozanowski: 

By Fig. 2  Exact  Percentage 
Difference 

Input power  35.5 kw  37.1 kw  —4.3 per cent 
Output power  21.0 kw  21.75 kw  —3.4 per cent 
Plate loss  14.5 kw  15.35 kw  —5.5 per cent 
Efficiency  59.1 per cent  58.8 per cent  +0.5 per cent 

It is apparent from the above examples that the degree of accuracy 
obtainable is quite satisfactory for preliminary calculations and can be 
safely used as the basis for circuit design. 

PRACTICAL ADJUSTMENT OF CLASS C AMPLIFIERS TO 
REALIZE THE DESIRED CONDITIONS 

After the desired conditions have been calculated, one still must 
realize these in actual operation. The first step is to obtain the appro-
priate grid bias and plate supply potentials, after which the load is 
coupled into the plate circuit a reasonable amount. If a positive peak 
voltmeter is available the excitation is adjusted to give the desired 
positive grid potential Emax, after which the load coupling is varied 
until a point is found where the direct plate current approximates the 
calculated value, and further reduction in coupling causes the grid 
current to increase rapidly and become excessive. If a positive peak 
voltmeter is not employed, the proper procedure is to adjust the grid 
excitation until the total space current /,+/, approximates the de-
sired value, after which the load coupling is adjusted as above. It 
may then be necessary to readjust the excitation and load coupling 
slightly to realize the desired total space current and direct plate 
current. 

The amount the grid is driven positive can be measured directly 
by means of a peak vacuum tube voltmeter such as illusErated in Fig. 4. 
This instrument has been described elsewhere 7 so will be considered 
here only briefly. It makes use of a diode tube, preferably an 879 or 
similar tube capable of standing a high voltage and having relatively 
low interelectrode capacity. The anode is connected directly to the grid 
of the class C amplifier while the cathode is biased positive with re-
spect to the amplifier cathode by the potentiometer P until the milli-
ammeter Ill just begins to show current. Under this condition the 
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cathode potential is substantially equal to the most, positive potential 

reached by the rectifier anode, so that voltmeter 1" then reads 

directly. 
If desired it is also possible to arrange a modified peak- voltmeter 

(trough meter) which is capable of reading the minimum plate po-
tential Erni., but this is not really required. Voltmeters for this pur-

pose are described elsewhere." 

IX 

Fig. 4—Peak voltmeter for adjusting E . to desired value. 

APPENDIX 

The curves shown in Fig. 2 can be calculated by the following pro-

cedure: 
The waves to be analyzed have a shape corresponding to (1). When 

the exponent a is unity this is essentially a section of a sine wave having 
a duration 0 and a height above the base line of I =I„„ as shown in 

Fig. 5. The equation of such a wave is 

(cos 0 — cos 0/2) 
= I   for 13 < 0/2  (5) 

1 — cos (0/2) 

= 0  for  13>0/2 

where i is the amplitude above the axis at 0 degrees from the crest. 
If the exponent a in (2) is not unity, then the equation of current is 
simply the right-hand side of (5) raised to the a power, with /„, sub-

stituted for I". That is, 

[ cos 0 — cos 0/2 1 
0 i = /„,   for  < 0/2  (6) 

1— cps 0/2 

i = 0  for  0 > 0/2. 

" F. E. Terman, "Measurements in Radio Engineering," McGraw-Hill 
Book Co. 
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The value 1-dc//,,, is then the right-hand side of (6) averaged over a 
cycle, and divided by /7,„ or 

f  16=0/ 2 p 05Idc  OS  — cos 0/2]. 
  dí3.  (7) 

/7„  7r  o  L 1 - cos 0/2 

Fig. 5—Figure illustrating notation in equation (5). 

The fundamental frequency component of the wave of (6) is found 
in the usual Fourier method by multiplying by cos 0 and averaging 
over the cycle. This yields 

• 
— 
2 f =°/2 [cos  — cos 0/2T 

=   cos )3 c/13.  (8) 
m  7r  o  — cos 0/2 

The integrations involved in (7) and (8) cannot be carried out in 
a simple mathematical manner for values of a that are not integers. 
The authors therefore used point-by-point methods in deriving Fig. 2 
and after trying out several procedures believe that Simpson's rule is 
the most satisfactory. According to this, the base 0 of the curve is 
divided into n equal parts, where n is an even number. The area, under 
the curve is then 

area =  [yo + 4(yi ± Y3 +  y5 • •  y„ — 1) 

2(y2 -1- y4 ± y6 • • • yn — 2) ± y7, ]  (9) 

where h is the distance between adjacent ordinates (h = 0/n), and yo, 
Y, etc., are the heights of the curve for the various positions along 

the base of the curve. The accuracy increases as the number of inter-
vals n increases. Enough points were used in obtaining Fig. 2 to insure 
an error of less than one per cent. 

-- Z)>- -< e?z----<••• 
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Su m mary  —A tica• tyre of magn etron ir, descr ibed ;,.hich is espiriang a010/41-(1 

to the gc 0c1011. " 4).f Centimet, r Wart'S. II possesses several ad va Wages ovt r the si in ple 
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voltages, (..,!) less tendency to oscil la le at u ndesire(I long  t.arclf.ngths, (.;) greater 

efficiency, (..;) greater out put, and CI) greilirr COSC of adjust Ment. StariC and d ylia ?Hie 
characterist les are discussed. 'The elTect of space charge on electron motion and tube 

performa nce is treated mat he mat icon y, and su p port i ng (.1,1,f7illVlital delfa are pre-

sented. Evidencr 1.‘ yilTII Olaf for best operation an optimums pace-Aarge condition 

is required, which can con ren ic7d1 y be established and m ai Ida ? lied by the us e of end 

plates. Power out prit is I i mite?! by a If//Is' Of i 7 001 0 ity iliroiri 10) 5 ?eel ron bombard-

ment of the .fila mcnt, and a pparena y iliiiiah'd by excessive 5/51(4' charge. 

I NTR 0 DI' CTI ON 

[ _.,_ N TI I E January 1933, nm  E u ber of the l'uoc EDINGs, an article was 

published' on the transmission and reception of centimeter waves, 
which gave a general description of apparatus, technique, and re-

sults, but went into no great detail. The present :H•ticle deals specifi-
cally with the magnetron oscillator, which was used, and some of the 
problems associated with electronic oscillators in general. 

DinscHIPTIoN OF TUBE 

The end-plate magnetron has proved comparatively reliable and 
efficient with regard to other types of oscillators in the centimeter 
region. From a single tube, 2.5 watts at 3000 megacycles has been ob-
tained with an efiiciency of twelve per cent with respect to plate dis-
sipation. With suitably regulated power supply it has been operated 

for days at a time without requiring readjustment. 
A photograph of the tube is shown in Fig. 1, and a simplified sketch 

of the elements in Fig. 2. The plate consists of a tantalum or molyb-
denum cylinder, split. longitudinally into two equal halves. Its length 
is about eight millimeters, diameter four millimeters, and slit width 
0.5 millimeter. A pure tungsten filament of diameter 0.127 millimeter 

is positioned along the axis of the cylinder. At each end of the cylin-
der, from 0.5 to 1.0 millimeter distant., is an end plate in the form of a 

' Decimal classification: R331. Original manuscript received by the Insti-

tute, July 1, 1935. 
1 Wolff, Linder, and Braden, Paoc. I.R.E., vol. 23; pp.  11-23, January, 

(1935). 
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flat disk about six millimeters in diameter and having a half-milli-
meter hole at the center through which the filament passes. Only one 
end plate is shown in the sketch in order not to obstruct the view of the 
other elements. To each of the cylinder halves is connected one side of 

Fig. 1—End-plate magnetron. 

the transmission line. A shorting bar is welded across the line at a dis-
tance of about 0.5 millimeter from the nearest edge of the cylinder 
halves. 

Accuracy of alignment of the elements is of the greatest importance. 
The straightness and positioning of the filament along the central axis 
is especially critical, and departures of a few thousandths of an inch 
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greatly reduce the on  The end plates should be as close as possible 

to the ends of the plate xvithout danger of a short circuit,. All internal 
parts should be nonmagnetic to avoid distortion of the magnetic field. 
however, the use of nickel wires to support, the elements see ms not 

very detrimental. A high vacuum is essential to stable operation. The 
use of a getter is desirable, but, care should be taken to confine it, to 
parts of the tube remote from the oscillating elelllellt 

'File circuit, employed is shown if) Fig. 3. It consists of a high voltage 
source S with a voltage divider  for supplying plate and end-plate 
voltages. -I\ lodulation is most, simply obtained by means of a trans-
former iI in series with the plate. Oscillations can be produced with 
voltages of from a few hundred to about 1500 volts applied to the 
plates. The plote lead is convenient ly connected to the center of the 

Fig. 2—Elements of end-plate magnetron. 

Fig. 3—Connections for operation with plate modulation. 

shorting bar, which is a voltage node. The optimum potential for the 
end plates varies somewhat according to the spacing between them and 
the cylindrical plates, but is usually from one half to three quarters 
that of the plates. For continuous, stable operation a filament emis-
sion of about three milliamperes is suitable. For maximum output an 
emission of about eight to ten milliamperes is required. A magnetic 
field must be applied parallel to the axis of symmetry of the elements. 
For a frequency of 3000 megacycles, this should have a strength of 

about 1400 gauss. 

STATIC CHARACTERISTICS 

The static characteristics and electron motion for the case of a 
simple magnetron consisting of a cylindrical plate with concentric 
filamentary cathode, have been studied by Hull both experimentally 
and mathematically, for the case in which the magnetic field is co-
directional with the axis of symmetry of the elements. In the absence 

2 A. W. Hull, Phys. Rev., vol. is, p. 31, (1921). 
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of a magnetic field, electrons travel along straight lines radially from 
the cathode to the plate as in Fig. 4 (a). When a weak magnetic field 
is applied the paths become curvilinear, Fig. 4 (b). At some stronger 
value of the field, called the critical cutoff value, the path curvature 

a 

Fig. 4—Effect on electron trajectories of increasing magnetic field. 

becomes so great that the electrons no longer reach the plate but graze 
it tangentially, curve around and return to the cathode, as in Fig. 4 (c). 
Further increases in field strength cause still greater curvature so that 
the dimensions of the path become smaller, as in Fig. 4 (d). 
Because of this action of the field, the plate-current characteristic 

is as shown in Fig. 5, the current dropping to zero at the critical value 
H. The sharpness of this cutoff depends, among other things, upon 
the accuracy of alignment of the tube elements, the velocity of emis-
sion of the electrons, and the amount of space charge. In actual cases 
the cutoff is never as sharp as shown, especially when the dimensions 
of the elements are small, and the voltages large. Fig. 5 is applicable to 
either the simple magnetron or the end-plate type. 

IP 

Fig. 5—Idealized curve for plate current vs. magnetic field. 

The addition of end plates at a positive potential causes an im-
portant change in the electron motion. A velocity component parallel 
to the cathode is added, causing the electron to traverse a helical path 
such that it is pulled away from its point of emission towards the end 
plates. Due to the shielding effect of the cylindrical plate, the field of 
the end plates does not extend very far into the cathode-anode space, 
and its strength is small in most of that region in comparison to that 
of the regular plate. For this reason the electron motion is not radi-
cally affected unless the magnetic field exceeds the critical value. 
Above this critical value the trajectory becomes a long helix extending 
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from the point of emission to the end plates. The current characteris-
tic is shown in Fig. 6. As H passes through the critical value H , the 
plate current cuts off, in the same manner as in Fig. 5, simultaneously 
the end-plate current increases. The end-plate current is usually not as 
great as the plate current, probably because of space-charge limitation 
of current from the more remote parts of the filament. 
So far only cases have been considered in which the magnetic field 

is codirectional with the axis of symmetry of the tube elements. Cases 
in which this is not so are important since it has been found that a tilt 
of a few degrees is usually necessary for the simple magnetron in order 

to obtain maximum output. 

Ye • iloo 

23 TA .15 16 21 30 

6---Experirnental curves for plate and end-plate currents vs. magnetic field. 

if the magnetic field makes an angle with the axis, the electron 
trajectories will no longer be plane curves as in Fig. 4, but will be 
helices, the electrons traveling outwards towards the ends of the cylin-
drical plate. Thus, in  the tube has an effect on the electron mo-
tion. similar to that of end plates at a positive potential. The path of an 
electroil in such a tilted Li We is quite complicated, and has not been 
worked 0111, mathematically for the cylindrical plate case. :However, 
qualitative considerations and comparison with the parallel plate case 
indicate that the axes of these helices lie parallel to the direction of the 

magnetic; field.' 
The parallel plate case is useful, and easily solved. Chose co-

ordinates as ill 1'44. 7, :c71 coinciding in direction with the magnetic field • 

II. The differential equations are 
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and, 

The solutions are 

and, 

where, 

ndi = Pie sin 0, 

= Ec cos 0 —  6:3, 

fle±2 

Xi =  Rc02 sin 0.-
2 

x2 = I? cos 0(1 — cos 0.)t), 

= R cos 0(wt — sin cot), 

Em 
R=   

IIH2e 

circle of the cycloid, and 
He 

= 

) 

(2) 

= the radius of the generating  (3) 

0 

(4) 

Fig. 7—Plates of flat-plate magnetron with co-ordinate system. Note that the 
plates have been rotated about the x3 axis through an angle 0 in the xi x2 plane. 

This solution represents a cycloidal helix whose ais lies along xl, 
i.e., in the direction of H. Tilting of a magnetron at an angle 0 with re-
spect to H, therefore, causes the electrons to travel along helices whose 
axes make an angle 0 with the filament. Hence, if before tilting no cur-
rent reached the plate because of cutoff due to the magnetic field, 
sufficient tilting will cause a current to flow. 

The. variation of the plate current I„ as the angle 0 is changed, is 
shown in Fig. 8. This curve is valid for either the simple or end-plate 
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magnetron. In the latter case there is a simultaneous variation of end-

plate current L, which also is given in the figure. 
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Fig. 8—Variation of plate and end-plate currents as magnetron 
is tilted in magnetic field. 
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Fig. 10---Elimination of necessity of tilting tube by increasing, end-plate poten-
tial. Output power is plotted against angle of Lilt for various end-plate voltages. 

'The efieot of varying the triiignetic field strength II, MI the shape 

of this curve is shown in Fig. 0. It is evident, that for stronger magnetic 
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fields a greater tilt is required to obtain a given plate current. This is 
due to the decrease in the dimensions of the electron trajectory caused 
by increasing Ii, the change in dimensions being such that the electron 
does not approach so closely to the plate. 
The relation between V, H and the maximum radial distance r1 

from the cathode may be derived from the expression given by Hu11,2 

71r\2  2c17 (r) ey 
  7 . 

dt )  2m (5) 

The maximum value of r is obtained by equating this to zero. This 
yields, 

(8m V(ri)) 1 / 2 

r, =   
112e 

(6) 

The function V(r) is arbitrary. For cases in which we are interested 
the potential distribution may be represented sufficiently well by the 
expression, 

r, 

where V, is the plate potential, and r„ its radius. The exponent n is 
usually fractional, being equal to two thirds for the space-charge-
limited case. Substituting (7) in (6) yields 

sm Trp \ 1/(2-n) 
—   

(8) H2e„,2) 

which is the desired relation. Evidently ri decreases as H increases 
in agreement with the experimental results. 

DYNAMIC CHARACTERISTICS 

Theories of the operation of the magnetron oscillator will not be 
discussed at length here. Several good papers have appeared3,4,5  but 
there is as yet no general agreement as to the mechanism of oscillation. 
Apparently there are several modes of oscillation. That with which this 
article is concerned involves an electron transit time from cathode to 
plate of substantially one half a period. Due to this delayed arrival 
at the plate, the alternating-current component of electron current is 
out of phase with the voltage, giving rise, under certain conditions, to 
negative resistance. The phase angle which gives maximum negative 

3 H. G. Moeller, E.N.T., vol. 7, pp. 293 and 411, (1930). 
4 W. E. Benham, Phil. Mag., vol. 11, p. 457 (1931); Proc. Phys. Soc., vol. 

47, p. -1, (1935). 
5 E. C. S. Megaw, Jour. I.E.E., (London) vol. 72, p. 326, (1933). 

(7) 
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conductance appears to depend upon the amount of space eharge. 
For zero space charge the angle is 180 degrees; for space-charge limita-

tion it is near 270 degrees.' 
On account of the cyclic motion of t he elect runs, I heir closest ap-

proach to the plate occurs at times (2»i —1)Ti, where in = 1, 2,  • • • , 
and Ti is the time required for an electron to travel from the cathode 
to its point of first close approach to the plate. 'Maximum out put occurs 
if the electrons just graze the interior surface of t plate, as in Fig. 
-1(c). These two conditions can In' met by suit ably adjust lug I he 
magnetic field and plate voltage, the former governing chiefly the fre-
quency of electron revolution, and the latter its maximum radius of 

excursion from the cathode. 
As has been mentioned, a tilt of several degrees, or thin use of posi-

tive  plates is usually required for the greatest efficiency. As the 
end-plate potential is increased, the out  at 0=0 increases, until 

eventually the 111:1Xill1U111 oil tpiit. cati thus be uhl:litti'd 

The manner in which the end plates thus eliminate tilt is shown in 
Fig. 10. In Miry('  (:1) OW end-plate potential is zero and the tube 
operates essentially as a simple magnetron. Maximum 0111 1)111 is ob-
tained for 0= -1- 7 degrees. There is no output at 0 -= O. If the end-plate 
potential is raised to 550 volts, curve (sb) is obtained. Here is is ob-
served that the two peaks are broader and tWre is some out put at 
0=0. Finally if 1'..= 700, the two side peaks disappear, and there is 
substantially only one broad peak, whose center would presumably 

be at 0=0, if the tube were perfectly symmetrical. 
In Fig. 11 is shown the variation of radiated energy with 1",,, all 

other factors being held constant. This curve is not always as simple 
and symmetrical as shown. Subsidiary peaks appear if the various oscil-
lating elements, including the electron cloud, are not properly adjusted 

to each other. 
In the above-described tests both end plates have been at the same 

potential. It has been found that sometimes slightly better results are 
obtained if they are operated at different potentials. This is probably 
due to dissymmetry. In general, however, such differences in potential 

have no great effect, so that a tube with only one end plate is almost as 

good as one with two. 
Several forms of end plates have been tried. These included rings 

of wire, and cylinders of the same size as the plate but shorter. The 

disk form was found best. 
No satisfactory explanation has heretofore been offered for the 

necessity of tilting. Megaw5 once suggested that it was necessary in 
order to compensate for the potential drop along the filament, but later 
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experiments with an equipotential cathode caused him to abandon 
this hypothesis. Dissymmetry in the form of the elements was sug-
gested as an explanation by Slutzkin and Steinberg,6 but the fact that 
tilts in either direction from zero are practically equally effective, 
as well as the results obtained with end plates and no tilt, contradict 
this. Kilgore has made the more plausible suggestion that tilting 
reduces space charge since it enables electrons eventually to reach the 
plate instead of cycling around indefinitely. The employment of posi-
tive end, plates would have a similar reducing effect on space charge 
because of the current which they collect. 

a 

200 

140 

14; 

10,1 

0 

•milimilleiiii lin 
ilkil J OM ........sil..... 
iliraill :il l 
11111111 •111111 I  • 
1111111111MLI T  •  • 
11111111 M11 MI  II 

II. 
EMIIIMEINI NE  MIN 
IIMIl mill NM  M N 
M E M MEI  r 
III' 111111111 
III T III 11 
IF   
• 

Ve 

000 1 0 

Fig. 11--yariation of 'power output with end-plate potential. 

That the true function of the end plates, or tilting, is thus to re-
duce space charge is well supported by results obtained by the writer. 
It appears that for best operation it is always necessary to provide a 
means whereby a certain portion of the electrons may be-drawn out of 
the cathode-plate region, thus maintaining an optimum space-charge 
condition. 

The writer has succeeded in accomplishing this withdrawal of elec-
trons in three different ways: (1) by tilting, (2) by positive end plates, 
and (3) by high plate voltages. These will be discussed in turn. 

Slutzkin and Steinberg, Ann. der Physik, vol 1, p. 658, (1929). 
7 G. R. Kilgore, Pnoc. I.R.E., vol. 20, pp. 1741-1751; November, (1932). 
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The manner in which electrons are enabled to reach the plate when 
the tube is tilted has been described in the section on static character-
istics. It remains to discuss how the tilt affects output, especially in 

connection with the maintenance of the optimum space-charge condi-

tion. 
It has been shown that the plate current I, is a function of 0 rising 

from practically zero at 0=0 to a maximum on both sides (see Fig. 8). 
Hence at some definite value of 0, either positive or negative, the re-
quisite number of electrons can usually be withdrawn to establish the 
optimum space-charge state and yield maximum output. This ac-

counts for the two peaks shown in Fig. 10 (a) and (b). 
A further test of this theory may be made by studying the effect 

on the optimum angle of varying the plate voltage. It is evident from 
(8) that an increase in V, results in an increase in  so that in conse-
quence the electrons approach closer to the plate. Because of this 
closer approach, a smaller tilt is required to enable a given proportion 
of them to reach the plate. Hence the optimum space-charge condition 
occurs at smaller angles for larger plate voltages. The curve obtained 

experimentally is shown in Fig. 12, in which 0  is seen to decrease 
continuously as V,, increases, in agreement with the above theory. 
The power on  is indicated by the curve ((1). 

In the ease where end plates are used, and trio tube is not tilted, 
it is found experimentally that maximum output is obtained over 
most of the voltage range, for a substantially constant ratio of end-
plate voltage to plate voltage. This ratio, indicated by 11,, is plotted 
against 17,,, in the lower part of Fig. 13. It appears that, this constant 
ti() is necessary to yield the required space-charge condi Lion. The out-

put, co msponding to I? is g,iyen by di in the upper section of the figure. 
If the plate voltage Fs, is increased beyond a certain point, (about 

(.17(1 volts in the present case) the optimum ratio of l'',./17„ changes radi-

cally. This leads to the third of the above-mentioned methods for 

removing electrons from the intereleetrode space; it., high plate volt-

ages. The optimum ratio for this voltage region is given by I mid the 
corresponding output by (12. Obviously much lower vaIue  of end-
Hate voltage :ire required than previously, in fact fop U,, 1150, the 
ptiuniimn  end-plate  voltage is zero. This is explained :is due to the 

collection of electrons by the plate itself. For high values of I,, the 
elect  the plate so closely that appreciable numbers of 1,11(.111 
are eliminated by tile plate itself. Hence  l',, increases, ciii II Ill It liii 

hy the end plates becomes increasingly unnecessary, and eventually 
undesirable.  increase in Hale current due to the closely grazing 

electron:: is shown by the curve /,, in the lower part of Ii;.  ht the 
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section of the curve where double points are shown, the ones sur-
rounded by squares correspond to R2.. The output corresponding to R2 

is shown by d2 in the upper section. 
The state of operation corresponding to the peak of the d2 curve 

for which R2 = 0, is the same as that shown in Fig. 12 at 0 ---- 0. Hence 
by sufficiently increasing V , both the simple magnetron and the end-
plate magnetron can be brought into the same oscillating condition; 

a 

140 

O W 

!00 

0 

160 

140 

120 

°opt a 

00 

80 

2 

0 

0 

0 

2 

.J.. ... 

1 

490 10D0 ago 100 

rz 

10 

9 

Fig. 12 —Variation of power output and optimum angle 
of tilt with plate voltage. 

that is, a state in which the plate itself eliminates a sufficient number of 
electrons to produce the optimum space-charge condition. For lower 
plate voltages, electron elimination must be effected by other means 
such as end plates or tilting. 

A fact of considerable practical importance arises from the con-
stancy of the ratio R1 over most of the voltage range, as shown in Fig. 
13. This gives the end-plate magnetron unusual constancy of output, 
with respect to accidental or other variations of plate supply voltages, 
• since a constant ratio is easily maintained in spite of such variations. 
In order to attain the same result with a simple magnetron, it would be 
necessary to 'vary the angle of tilt automatically so as always to have 
the optimum value at all plate voltages. 
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A comparison of the two types of tubes in this respect is given in 
Fig. 14. Curves (a) and (b) are for the end-plate tube for constant 
17,./1:7, ratios as indicated. Curves (c) and (d) are for the same tube 
operated as a simple magnetron; i.e., 1".= 0 and O 0. It will be noted 
that the end-plate tube oscillates over a wider voltage range. The 
voltage range for the tilted tube is especially narrow at low plate 
voltages, as shown by curve (c). 

9 . 

a 

0  too  400  COO  603  000 

‘4, 

Fig. 13 —Curves showing approximately constant ratio (RI) of end-plate . to 
plate voltage over most of operating voltage range; also corresponding 
values of wavelength, power output, and plate current. 

1,0 

EFFECT OF SPACE CHARGE ON ELECTRON MOTION 

The results of the preceding section indicate quite clearly that 
the function of end plates, or tilting, is to remove a certain proportion 
of electrons from the interelectrode space and thus create an optimum 
space-charge condition. However no suggestion has yet been offered, 
and it is not clear, as to why a definite space-charge condition should 
be desirable. 
Space-charge alters the form of the potential distribution so that 

the electric field strength near the filament is reduced. This results in 
a change in the shape of the electron trajectory, such that in general its 
velocity is less, its curvature greater in this region, and its path longer. 
In certain cases these changes may be very pronounced, in fact, as 
will be shown below, the motion may become aperiodic. 



646  Linder: End-Plate Magnetron 

Space-charge effects can be conveniently discussed by making use 
again of the expression for potential 

( =  r ) 11 

17  T7p  _  ,  (7) 
IV 

in which n may be regarded as a parameter determining the degree of 
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Fig. 14 —Comparison of simple magnetron and end-plate magnetron. 
Power output vs. plate voltage. 

space charge. Of course not all potential distributions which actually 
occur can accurately be represented by (7). However; most of them 
can be thus approximated with sufficient accuracy, and near the space-
charge-limited condition the approximation is especially good. 
In Fig. 15, equation (7) is plotted for values of n ranging from +  00  

to — 00  . The vertical scale is linear in the lower half of the figure, but 
in the upper half a reciprocal scale is used. The upper section is not of 
particular interest to the present problem, but is included for the sake 
of completeness. 
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Negative values of n yield potential distributions which are in-
finite at the origin. These can be approximated in practice by poten-
tials which jump from zero to a high value greater than V, near the 
filament, and then drop off, down to V, at r =rp. Such distributions 
could be obtained with a grid at high positive potential near the 

cathode. 
When n is zero, the potential has the constant value V, throughout 

the cathode-plate region. If n has values between zero and unity the 
field is very strong near the filament and drops off to low values at the 

I 0 

rA 

Fig. 75  Theoretical potential distributions given by V= Vr(r/rp)n 
for values of n from  to +:4. 

plate. If n is unity the field is constant everywhere. For n between 
unity and infinity the field is zero at the cathode and high at the plate. 
I ntroclueing (7) in the general equation for radiftl motion (5), 

yields, 
( dry  2e 177)( 7' )"  ( II e\ 2 
—(11 =     r  2 

M  2 M, 

This can be written in terms of r/r,„1,11us, 

_ 
dI  7n7'P 2 T  2 M,  rP 

7'  2e lip( 7' ) 1' Ife)2 (  
(9) 



(HS  /,,,(I( r: it(1-1'1(11c :11(1(11 01.),,l 

The solution is 

where, 

(11(it - 2) (14.  C 
= n sec 

2 

(I 

ii 

,  ( 1 0) 

and C is an integration constant. 

Now if 1=0, r =0. This is satisfied by (10) only if 'n <2, since the 
secant is never zero. ITIOWCWW., if n <2 the exponent is negative, and the 
secant may be replaced by its reciprocal, the cosine. 
The integration constant C is found to be  / a(n —2). Hence the 

solution is 
Sm17,,y2 (2 — n)//c 121(2-71) 

r,,  01). sin   
4 ?It [ G1 2013,2 

Consider first the effect of space charge on the period of the elec-
tron motion. This period is one half that of the sine function in (11), 
since the electron leaves the cathode, approaches the plate, and returns 

to the cathode, twice during a single period of (11). Hence the electron 
period T is given by 

471in 
T =    (12) 

(2 — n)Hc 

it is evident that space charge may radically affect T, since as n ap-
proaches 2, -r approaches infinity. 

Several special cases are of interest. If n=0, V =Fp and the electron 
receives all its acceleration at the start, and continues to move hence-

forth with uniform linear velocity. According to (12) the period is 
27r1i/Ile, which is the familiar formula for an electron of constant 
linear velocity in a uniform magnetic field. This case gives the highest 
possible frequency unless V at some point exceeds 177). The value of the 

product Xil, which should be a constant, according to .01:abe, 8 is in 
this case 10,700. 

For the case of space-charge limitation, in the absence of oscillations 
and a. magnetic field, n= 2/3, and T  m/Ife. Hence X/I --16,057. A 
value of 16,700 was obtained for this case by Alegaw° using a graphical 
integration method. 

K. Okabe, Pnoc. I.R.E., vol. 17, pp. 652-659; April, (1929). 
9 E. C. S. Megaw, PROC. I.R.E., vol. 21, pp. 1749-1751; December, (1933). 
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Values of n greater than two thirds do not. occur for space-charge 

limitation in the absence of oscillations and a magnetic field except 
near the surface of a filament of finite size where n =  llowever, 
V(1' y little is known of the space-charge distribution during oscillation, 
and there are no grounds for ruling out of consideration larger values of 

in case n =2, 7=  . Mn' equation of motion (91 takes the simple 

form 

di  i  2i ,,  I It) 
=  cunA 

2in 

If 1,,>112cr,,2/Siii, the constant. is real, the velocity is proportional 

tD r, and the radial motion is aperiodic. If  the constant 
is zero, and the radial velocity is likewise zero. In this case it can be 
shown that the radial electric f((rce exactly balances the centripetal 
force so that an electron once started in circular motion about the 
filament as center, with radius r, and velocity corresponding to 
will continue to move thus indefinitely. If  the velocity 

is imaginary. 
If n > 2, the radial motion a!rain becomes periodic, but as pointed 

out above, does not satisfy the condition, r = 0, when t= 0. 
Further information on the effect of space charge can be obtained 

by considering the variation of 11, the maximum radial excursion of 
the electron from the cathode. This is obtained from (11) by giving 
the sine factor its maximum value, unity. This yields 

_ 
/12cr,2) 

agreeing with the expression previously found in the section on static 

characteristics. 
Three cases need be considered, 

(a)  = 

(b)  < 

II2er;2 

Sin 

H2er,2 
(c)  TT p >    

Sin 

(s) 

(13) 

The first of these has been discussed by 1-lu11.2 He shows that in 
this instance r1 r, and that this is true regardless of the form of the 
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potential function V(r). This same result follows readily from (8), 
since if (13a) be substituted, the quantity in the parenthesis becomes 
unity and ri =r, for all values of n. This case is represented by the 
horizontal dashed line a in Fig. 16. 
If VD </-Perp2/8m, equation (8) gives the curve of Fig. 16(b). The 

dash-dotted section corresponding to n>2, need not be considered, 
since, as was shown above, 7. when t= O. In the region 77 <2, the 
curve shows that 7.1 decreases as space charge increases, and approaches 
zero as n approaches 2. 

rr 

3.0 

o 

1.0  

6 

4 

—1  0 1 3 

Fig. 16 —Maximum radial excursion of an electron as a 
function of n in equation (7). 

The third case, V, >/Perp2/8m, is shown in Fig. 16(c). These curves 
are the reciprocals of curves b. As before; only the region n <2 need be 
considered. Here the variation of 7.1 is in a direction opposite to that of 
the previous case, 7.1 increasing as space charge becomes greater. Of 
course, the electrons wouldbstrike the plate before r reached its maxi-
mum value 7.1. 

From Fig. 16 it may be concluded also that the sensitiveness of 7-1 
to changes of plate voltage increases as n approaches 2. This follows 
from the increasing separation of curves (b) and (c). The curves in the 
figure are drawn for the cases, 

Hc2erp 2 
Vp =  0.8   for curve b, an d 

Sin 
He 2erp  2 

-179 =  1.25   for curve C. 

8711 
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Experimental evidence of the variation of r1 with n is given in Fig. 
17. Here I„ the temperature limited filament emission in the absence 

of a magnetic field, is plotted against In, the plate current with the 
magnetic field applied. Increasing Is is equivalent to increasing n, 
particularly so when the magnetic field has the cutoff value so that 
the electrons make many revolutions before striking the plate, and 

thus augment the space-charge effect. 
In obtaining Fig. 17, a tube without end plates was used. The 

magnetic field was adjusted to a value near the upper bend of the 

16 

15 
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3 

0 5 
10 

A 

15 20  25 

Fig. 17---Effed, of space charge on cutoff of plate current. Plato current is 
plotted against the temperature limited filament emission to be expected in 
the shsence of a magnetic field. 

cutoff Mirve (see IFig. 6). Upon increasing 1„, it, is found I,liat 1,, in-

creases fl 'most linearly at, first, but eventually a point, A is ren died 
ir w hich Ip suddenly drops to a much .smaller value. This is explained 
as caused by the decrease of ri due to the increase of 1/, which results 

in more CO1111)1 01! cutoff of the plate current.. 
The abruptness of the drop is greater than would he expected for 

such n relation as (8). This is apparently due to two causes. First, there 
is a. C11111111:1 tive action, for when i begins to decrease, cutoff becomes 

more complete, the space-charge effect is augmented, and ri is further 
decreased. This increase is in addition to that directly caused  /,,. 
Second, as cutoff becomes more complete, electron bombardment of 
the filament begins to occur (see section below on instability), raising 
its temperature so that, the actual filament emission eNee MIS  T hiti 

effect builds up very rapidly as the critield value of /,, is approached. 
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loth of the above effects produce an unstable state, which resulls 
III an abrupt rather than a smooth drop in plate current. 

Ileyond the point, .1, the plate current /,, is space charge 

'the lo  Av value of current, at, which this occurs is due to the long helical 

'mills traversed by the electrons in traveling from cathode to plate. 
By tilting; the, I tibe these 1.)11,115 are shortened, and the spact.-charg,e-
limited current, can thus lie increased. 

Upon decreasing I. an ttp\vard jump does not, oeeuit at.  but, at B, 
corresponding to 0 lower I The return curve. points :ire indicated hy 
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Fig. IS  Itelations between Optimum angle of tilt and temperature 
limited filament emission for various plate voltages. 

crosses. The occurrence of the jump B  a lower /„ than .1 is ap-
parently due to heating of the filament, by electron bombardment, Si 
that, the true emission is greater than the I, plotted. 

The decrease of r, with increase of ii can be revealed also by study-

ing the variation of 0„pt with I. As the latter quantity increases, r, 
decreases and hence a greater value of 0 should he required to eliminate 
a sufficient, number of electrons to yield the optimum space-ebarge 

condition, providing 1, be limintained constant. This is found to be the 
case, as shown by the data of Fig. IS. _Here 0„,,, is plotted against I. 

for various values of li,. For the smaller values of 1, the relation seems 
almost, linear, 0 inerensing. with I, tis is to 1)! expected. As 1, is increased, 
r, increases and hence less tilt, is required. If I,, is close to the va lue  at 
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which ri is very nearly equal to r„, and at which the plate can eliminate 
sufficient electrons without tilt, the relation is no longer linear, as 
shown for V„ = 1100. The closer V, is to the value for which ri=r, the 

less does °opt vary with I. 
When end plates are used, °opt does not vary with I. Substantially 

the same proportion of electrons are removed for all values of I. The 
optimum- condition of operation of the end-plate magnetron is, there-
fore, not greatly dependent on either V, (see Fig. 13) or Is, and therein 
it possesses a marked advantage over the simple type. 
The above discussion and data have shown that the effects of space 

charge are of prime importance, and the alterations of path dimensions 
(ri), frequency, and sensitiveness to plate-voltage changes, are amply 
sufficient to make the space-charge condition a critical factor. The 
existence of an optimum space-charge state, as was suggested by the 
experimental data, is easily understood in view of the above discussion. 

LIMITATION OF OUTPUT BY INSTABILITY 

In common with other types of electronic oscillators, the end-plate 
magnetron is subject to a peculiar type of instability, which at present 
is the chief obstacle towards obtaining greater output. This instability 
appears as a sudden brightening of the filament and simultaneous 
increase of tube currents, when attempts are made to increase the 

oscillation energy. 
A study of this phenomenon carried out by the writer indicates 

that it arises from electron bombardment of the filament. Beyond the 
cutoff point there has been shown to exist in the tube a space charge of 
electrons having energies greater than that corresponding to the direct-
current potential they have fallen through. They therefore return to 
the filament with velocities greater than zero, and by bomardment in-
crease its temperature. An article discussing this instability will appear 

later. 
The data presented with this paper were obtained under conditions 

of low energy oscillation. The phenomena associated with instability 
therefore are not involved, except when otherwise stated. With more 
energetic oscillations, instability radically changes the form of many 
of the curves, and obscures the fundamental behavior. 
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SUPPLEMENTARY NOTES ON "ANALYSIS OF THE 
OPERATION OF VACUUM TUBES AS CLASS C 

AMPLIFIERS"* 

I. E. MOUROMTSEIT AND H. N. KOZANOWSKI 
(Westinghouse Electric and Manufacturing Company, East Pittsburgh, Pa.) 

URING a discussion of the above paper after its presentation 
at the tenth annual convention at Detroit, questions were 
asked concerning the exact location of a dynamic character-

istic satisfying the condition of "double equilibrium." Is it to be found 
in each case by pure trial and error, or can it be arrived at in some sys-
tematic way? 

Undoubtedly, an engineer after having practiced the described 
method on a few samples will always be in a position to predict with 
sufficient accuracy where and bow the appropriate characteristic will 
be located. However, if mathematical accuracy is desired, the exact 
location of a straight-line oscillation path at any plate voltage during 
modulation can be established by the following systematic procedure. 
Suppose the carrier condition at plate voltage Be has been chosen 

by the method given in the paper (or by any other method) so that the 
load resistance, RL, the grid-leak resistance, R„, and the grid excitation 
amplitude, eo, are definitely fixed. Now it is desired to find the exact 
location and all operating data for any other plate voltage during the 
process of modulation, for example, at its positive peak, equal to 2Ev. 
For this plate voltage we choose several different operating points 
corresponding to several assumed biases. Through each point we plot 
a straight-line dynamic characteristic with the vertical projection equal 
to the amplitude of the grid excitation voltage (established by the 
carrier condition) and having for its horizontal projection an arbitrarily 
assumed radio-frequency plate voltage swing Bo. In other words we 
also choose arbitrarily a minimum plate voltage, le -min =Bp—Bo, which 
will be touched during oscillation. Such characteristics will be of 
course parallel to each othey. The average grid current calculated 
along each line multiplied by Ra will give us the true bias for the as-
sumed position of the dynamic line; we can also calculate for each 
line the true power output from the tube. Generally speaking, none 
of the plotted characteristics will satisfy either of the conditions of 

* Decimal classification: R132. Original manuscript received by the Insti-
tute, August 29, 1935. See Pnoc. I.R.E., vol. 23, pp. 752-778; July, (1935), for 
original paper. 
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assumed in plotting each individual dviiaiiiie characteristic, and pmver 
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consumed in the lond resistance,  Ilmvever, h\- interpolation \ye 
can find whew a dynamic characteristic should he located in order 
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A similar procedure is to he repeated for several other minimum 
plate voltages. In this way, we shall be able to trace on the chart two 

curves connecting the ends of the dynamic lines satisfying one, or the 
other equilibrium condition at different minimum plate voltages. 
Naturally, their intersection gives the only point of perfectly stable 
operation. With a little experience one can conveniently limit the cal-
culation to three or eVell two dynamic lines for each assumed minimum 
plate voltage and, also to three or two different minimum plate volt-

ages. 
The described graphical procedure is illustrated in the accompany-

ing figure which has been drawn for a special case of operation of the 
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207 tube indicated in the drawing and which, in the light of the above 
discussion, is self-explanatory. 
It is perhaps interesting to point out in this place that from the 

educational view point, the "constant-current charts," described in 
the paper, may be of great help in explaining to a student various 
phenomena in self-oscillators, such as the role of grid coupling to the 
oscillating circuit, the mutual relation between the grid coupling and 
the amplification factor of the tube, and the relative ease of starting 
oscillations at various conditions; in short, the entire mechanism of 
oscillation of a tube. 

• --•=5) >- -< Ex•- -••<• • • 
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A NOTE ON THE GRAPHICAL ANALYSIS OF ALTERNATING-
CURRENT NETWORKS* 

BY 

KARL SPANGENBERG 
(Rose Polytechnic Institute, Terre Haute, Indiana) 

Sum mary —A simple proof is given of the following observed property of 
alternating-current networks: In a network consisting of any number of linear 
bilateral impedances, connected in any manner whatsoever, and any number of 
generators of the same frequency, the locus of any voltage or current in the system 
will be a circle as any one self-impedance is varied so that its locus is a straight line 

in the complex plane. The proof givenlis based upon the application of the funda-
mental theorems of network analysis to a general alternating-current network and 
upon the identification of a circular form of the linear fractional transformation of 
function theory. A simple analysis of alternating-current networks is frequently 
possible by virtue of this property. Reference is made to examples of circuit analysis 
based upon this property. It is further shown that as a result of the observed property 

the impedance looking into any two terminals of a general passive network of linear 
bilateral elements has a circular locus as any impedance in the system is varied so 

that its locus is a straight line. 

W
ITHIN recent years a number of papers have appeared dealing 
with the graphical analysis of alternating-current networks. 
Several of these' ,1,5 ± have included analyses based upon the i 

use of a form of the circle 
Lx  M 

=   (1) 
Px  Q 

the linear fractional transformation of complex function theory which 
gives C as a circle in the complex plane when x is taken as a real num-
ber varying from minus to plus infinity, and L, M, P, and Q are any 

complex numbers. 
The papers referred to above have treated specific cases of the 

circular form of current, voltage, and impedance for particular types of 
impedance variation. They have given analytical expressions showing 
the loci in question to be circular, and have given means enalding their 
location and the rapid determination of the values desired from them. 
A simple proof is g,iven here of the property of alternating-current 

TI etworks which makes the above type of analysis possible. This 
property for the case of a general network may be stated as follows: 
In a network consisting of any number of linear bilateral impedances, 
connected in any manlier Wh ASOeVer, and any number of generators 

Doeirnal classification: RI '10. Original manuscript received 1).y the In-
stitute, A ugust 30, 19311. 

1- Numbers refer to Bibliography. 
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of the same frequency, the locus of any voltage or current in the sys-
tem will be a circle as any one self-impedance is varied so that its locus 
is a straight line in the complex plane. It follows from this that the locus 
of the impedance at any two terminals of a general network is also a 
circle under the same conditions of variation. 
Use will be made of several of the relations of complex function 

theory: 
That a straight line in the complex plane can be represented by 

S = Px  Q  (2) 

where P and Q are any complex numbers and x is a scalar variable; 
That the reciprocal of a straight line in the complex plane, a circle 

through the origin, may be represented by 

1  1 
Co — — —   

S  Px + Q' 

That a general circle in the complex plane may be regarded as the sum 
of a constant and a circle through the origin, the expression for which 
assumes the form of the quotient of two straight lines which is the 
linear fractional transformation form referred to above. Symbolically, 
the general circle is given by 

1  1 
C =  

Px + Q 

Lx + 
 =  

Px +Q  32 

where L =PK and 111= QK —1. 

The demonstration of the property stated above falls into two 
parts; first, consideration of the form of the current through and the 
voltage across the impedance being varied, and second, consideration 
of the form of the current through and the voltage across any other 
impedance in the system. 

The proof of the circular form resulting in the first case is almost 
superfluous, involving as it does no more than the interpretation of 
Thevenin's theorem in terms of loci in the complex plane. 
Let Z be the impedance of the network element being varied. All 

other impedances of the system and all electromotive forces are held 
constant. A variation of Z so that its locus is a straight line will usually 
mean either a variation in magnitude at a constant phase angle or a, 
variation along its resistive, or reactive component. Most of the well-
known circle diagrams can be reduced to an analysis based on a linear 
impedance variation like this. 

(3) 

(4) 

(5) 
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1  T hevenin's t•heoreni, the net worl of impedances and generators 

feeding the impedance, Z, call be replaced by a simple gotiterator whose 
!venerated volt: e, Ev2, is the open-circuited volta ,re it tile terminals 

of Z and \\hose impedance, Z„ s the impedance (if the net Nyort. look-
ing back from the terminals of Z with all generators replaced by their 

internal impedances. 
The current, 1:, through the impedance Z t given by 

1: - 

Speal:ing in terms of  Z is a straight line, if this impedance is so 

varied, and Z, is a constant vector. Therefore lb, denominator on 

t*lit• side of t01 is a straight  k thus seen to be a cons tant, 
times the reciprocal of a straight line giving. a circle through the ori‘gm. 

Thus, the locus of the current through an impedance as this im-
pedance is varied so that its locus is a. straight line is a circle through 

the origin. 
Consider the voltage,  across the impedance now being \-aried iii 

the first case. l'Sing the v:thic of I. frion (6). 

Z, 
IrZ 

The numerator of the fraction in  ti a cnnt ...ian !  lim es: a 
straight, line, Z, and thus a straiHit, line. The denominator is a straight 

line as above. Therefore  appears :15 111' (plot ient  f two st raight 

and hence its locus is a general circle by  
For the second case, consider the current through any impedance 

other than that which is being varied. The conditions obtaining are 

shown in the diagrammatic representation of part (a) of the schematic 
circuit of Fig. 1. Let, Z. the impedance beinc, given a straight line 

variation, be divided into a constant, component, Z„, and a variable 
component, Z', with Z.- so chosen that the locus of Z' passes through 

the origin. A separation of this sort, in fact an infinite number of them, 
can always be efTected. This separation may be represented by 

=  (S) 

From the vector diagram of Fig. 2 showing this relation, it is seen that 
Z' will be a straight, line through the origin parallel to the straight, 

line locus of Z. 
Let .7,1, be any impedance of the system other than the varied im-

pedance and I. the current through it. By the principle of super-
position /Jr can be considered as being made up of a constant com-
ponent, of current, /c, which flows when Z'= 0 and Z=Ze, plus a van-
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able component of current,  which is due to the voltage V,' = 
Thus 

=  (9) 

NETWORK  0   
(-0/./T4MWG 

/MPG-DANCE-FAN:0 
GrNERArORS 

Z -•=2 -" Zi 
-W\AIN-
Z, 

(a) 

The schematic representation of Fig. 1(b) shows the circuit broken to 
produce these components of current. In a circuit of linear bilateral 

Fig. 2 

impedances, It/ will be a linear function of TT,' and will be given by 

= T7,77,/  (10) 

where Zi is the transfer impedance connecting the two. Substituting 
the equivalents of VZ, /z, and Z in (10) 



Spangenberg: itnalysis of Alternating-Current Networks 

— I,Z' 

ZI 

— E12 Z' 

(Z1 Z,)  Z' Z1 

In terms of loci, the numerator of the right side of (13) is a con-
stant, —E12, times a straight line through the origin, Z', and thus a 
straight line through the origin. The denominator is the product of a 
constant vector, Z,, and a straight line (Z id-Z„)+Z', and thus a. 
general straight line in the complex plane. Hence I' is the quotient 

of a straight line through the origin and a general straight line and is 
thus a circle through the origin. Substituting the value of  from (13) 

into (9) 
=  — El2  Z ' (14) 

• (Z i -1- Z„) -1- Z' 

From this /,,, represents the difference of a constant vector, L, and a 
circle through the origin,  and is thus a general circle in the current 
plane. Thus as any self-impedance in the system i varied so that its 
locus is a straight line, the locus of the current through any other 

impedance in the system is a circle. 
The voltage across any impedance Z. other than that being varied 

is given by 
(15) 

Since 1,0 is a circle by (14), multiplication by a constant vector; Z., 
will only change the scale and rotate the figure leaving the locus still 

a circle. Thus as any .self-impedance in the system is varied so that its 
locus is a straight line, the locus of the voltage across any other im-
pedance in the system is a circle. The property is thus proved for all 

cases. 
The proof given above, though by no means the simplest possible,* 

has attempted to keep in mind the physical picture and to show inti-
mately the relation between the individual elements involved. 
From the above property it can be shown that the impedance into 

any two terminals of a general passive network of linear bilateral im-
pedances will have a circular locus as any impedance in the system is 

* In a letter to the author, Hans Roder points out that the proof follows 
immediately from writing down the expression for-any current or voltage in 
determinant form. 
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varied so that its locus is a straight line. If a generator with a constant 
electromotive force, E, and an internal impedance Z, is connected 
across the terminals of a general network, the current 

I = E/(Z„  Zi)  (16) 

which will flow will be a circle as any impedance in the system is given 
a straight line variation, by the property discussed above. Solving for 
the impedance into the terminals 

= E/I — Z.  (17) 

'In terms of loci, Zi is the difference between the product of a constant 
vector, E, and the reciprocal of a circle, 1//, and another constant vec-
tor, ZQ. The resulting locus is a circle since the reciprocal of a circle is a 
circle and rotation, change of scale, and translation do not change 
the circular form. 

The circular loci of cross potential and cross current of a bridge cir-
cuit operating at a constant frequency as given by Seletzkym are ex-
amples of the general property discussed here. Other more common 
examples are the induction motor current circle as based upon the 
equivalent transformer circuit and the air-core transformer current and 
voltage diagrams. The circular form of the input impedance of a radio 
frequency transmission line with varying load impedance as given by 
Roder' is.an example of the circular nature of impedance loci. 
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"The Radio Engineering Handbook," by Keith Ilenney. Published by the Mc-
Graw-Hill I3ook Company. Price 85.00. S31 pages and an IS page Index. 

The editor of a handbook is confronted %dill the difficult problem of in-
cluding most of the information .for which the engineer has frequent need and at. 

the same time keeping t he size of the book within reasonable limits to facilitate its 
use. In the second edition of the Radio Engineering !handbook, Ilenney has at• 
I empted to meet. the first requirement. by adding 300 pages of ne w M aterial, an 
increase of about. fifty per cent over that of the first edition. The size has not been 
unduly increased although a good grade of heavy paper is used. A corresponding, 
increase of new material in another edit ion Vill  require the use of onion skin 
paper or the elimination of sonic of the less important informal ion now included. 

Probably the most. significant, features are the expansion of the sect ion on 
radio broadcasting from 1 went' to sixty-three pages and the inclusion of a new 

sixty-eight page section on antennas. Certainly these will be appreciated by many 

users. The continued progress in the several phases of radio engineering are re-
flected in new data and new information included. The authors, for the most 
part, are well known with established reputations which provide the authoritative 

element. In the case of a few sections there have been changes in the authors. 
The following are a few illustrative criticisms. The most. apparent defi-

ciency, from my point of view, is the lack of hyperbolic tables. I object to the 
form of the tabulation on pages 6, 7, 13, and 9 for they are incorrect without. the 
multiplying factors given on page 5 to which there is no reference. The tabulation 
should be correct for the frequencies given without. the multiplying factor. The 
double heading for the second column is misleading for obviously it, cannot be 
true for both c,, and ceL unless L=1 in which case there would be no point in in-

cluding it. The same criticism applies to the double heading of column three. 
One would scarcely expect. to find under the heading "General Characteristics 
of Alternating-Current Circuits" the equations for the transient currents with a 
constant voltage impressed. In the discussion of the ratio of high-frequency 
resistance to direct-current resistance no mention is made of whether the wire is 
a straight conductor or wound into a coil of many turns. On page 73 the induced 

electromotive force is given without restriction as 

dc5 
c = — — instead of n— 

dl  dl 

*H. M . TURNER 

"The Radio Amateur's Handbook," Published by American Radio Relay League, 
Hartford, Conn. Price S1.00. 380 pages. 

To those who are familiar with previous editions of this manual, it is only 
necessary to state that the latest edition is comprehensively revised in basic 

• Yale University, New Haven, Connecticut. 
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material and includes much new subject matter. All material covering circuits 
and transmitter and receiver construction is brought thoroughly up to date. 

It is not possible here to outline in detail all of the material of the 380 pages 
of text, which is divided into twenty-one chapters. Two chapters deal with 
ARRL history and introducing the subject of amateur radio to those just enter-
ing this activity. Four chapters are devoted to electrical principles, circuit and 
wave fundamentals, vacuum tubes, and fundamentals of radiotelephony. Tube 
data tables include late types of both metal and glass receiving tubes, as well as 
special purpose, rectifier and transmitting tubes. 

Six chapters are devoted to receiver and transmitter design and construction 
including equipment for the ultra-high frequencies, for both code and voice com-
munication. In these chapters, the segregation of this material into "design" and 
"construction" groups makes for clear presentation of design considerations with-
out fogging due to constructional details. 

Chapters on keying, covering various systems, methods for key-click elimi-
nation, and for remote control, power supplies, antennas and instruments and 
measurements complete the technical material. All are up to date and give full 
information for construction and operating adjustment. 

The final chapters cover installation (of a station as a whole), operating 
procedure, message handling and AR M, operating organization. 

There are but few unfavorable features, and these are of such a nature as 
to no way impair the usefulness of the Handbook to those for whom it is in-
tended. Irregularities in style and presentation of material are probably unavoid-
able in a compilation of this size by many individuals. The complete absence of 
references, either to QST or other sources, is regrettable as it detracts greatly 
from the value of the work as a contemporary account of progress in amateur 
radio. 

While intended for amateurs and near amateurs, this Handbook should be 
of interest and use to radio engineers and commercial operators as well. 

tJANIES K. CLAPP 

f General Radio Company, Cambridge, Mass. 
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Copies of the publications listed below may be obtained without charge by 

addressing the publishers. They are not available from the Institute. 

"The Collins Signal" is published at irregular intervals by the Collins Radio 

Company of Cedar Rapids, Iowa. 
Yaxley Replacement Manual and Service Guide No. 2 is available from the 

Yaxley Manufacturing Division of P.,  R. Mallory and Company, Inc., Indian-

apolis, Ind. 
Amateur radio equipment is described in catalog No. 60 issued by Wholesale 

Radio Service Company of 100 Sixth Avenue, New York City. 
Bliley quartz crystals are described in a catalog under that name issued by 

the Bliley Electric Company of Erie, Pa. 
"The Electronic Parade" is the name of a catalog issued by Electronic 

Laboratories, Inc., of Indianapolis, Ind., and covers vibrators, testers, con-

verters, and buffer condensers. 
A number of products developed by the Brush Development Company, 

East 40th St. and Perkins Avenue, Cleveland, Ohio, are illustrated in a leaflet 

issued by that organization. 
Supreme Instruments Corporation, Greenwood, Miss., has issued a 1936 

catalog which covers their receiver test equipment. 
The Ken-Rad Corporation of Owensboro, Ky., has issued engineering bulle-

tin CEB 36-5 entitled "The Relation of Modulation Products with Multi-Tone 
Signal to Harmonic Distortion with Mono-Tone Signal in Audio Amplifier 

Analysis." 
National Union Laboratories, 365 Ogden St. Newark, N.J., has released an 

engineering bulletin on 6R7M G duodiode medium-mu triode. 
The Hygrade Sylvania Corporation of Emporium, Pa., has issued engineer-

ing news letter No. 19 on audio output systems for battery-operated receivers, 
No. 20 on improving diode detector performance, and No. 21 on characteristics 
of audio output systems using type 1F4 tubes. Technical data sheets have been 
issued on type 1F4 power output pentode and the 6R7 duodiode medium-mu 

triode. 
RCA Manufacturing Company of Harrison, N.J., has issued application 

note No. 55 on the operation of the 6A8, No. 56 on receiver design, and No. 57 

on the 6L7 as a radio-frequency amplifier. 
Shure Brothers, 215 West Huron St., Chicago, have issued leaflets describ-

ing their "Spheroid" microphone and their microphone repair service. 
Ìle Ward Leonard Electric Company of Mt. Vernon, N.Y., has issued 

bulletin No. 1105 on ring type rheostats, 5701 on a constant voltage variable 
load regulator for alternating current circuits, 8602 on controlled rectifiers to 
supply direct-current power for small telephone systems, and 8603 on a controlled 
rectifier to supply small direct voltages from an alternating-current power 

supply. 
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THE NATION'S 

TELEPHONE 
DIRECTOR 

THE telephone directory is the nation's calling list. Mil-
lions of people refer to it daily 
— in homes and offices and in 
public pay stations. It is the 
busiest book — it plays a part 
in countless activities. 
For the names in the tele-

phone book are more than 
names. They are friendships 
and homes and families. They 
are bridge parties and golf 
games —business successes 

LIST 

buyers and sellers of wheat or 
pins or skyscrapers. 
More than 12,000,000 

names are listed in the direc-
tories of the operating com-
panies of the Bell System. You 
can go straight to any one of 
these millions of people 
easily, quickly and economi-
cally — by telephone. 
The classified directory is an impor-
tant Pature of your telephone book. 
It is a handy buying guide —a quick, 
easy way to find "Where To Buy It." 

BELL TELEPHONE SYSTE M 

11/Iten writing to advertisers mention of the PROCEEDI NGS will be mutually helpful. 

X111 



COR M. L-
DUBILIER 

ARE AN INTEGRAL PART OF EVERY 
IMPORTANT  RADIO  INSTALLATION 

Cornell-Dubilier ELECTROLYTIC, 

MICA, PAPER, and DYKANOL 

capacitors will be found in radio 

and industrial installations wher-

ever uninterrupted operation is the 
prime essential. 

The Type 50 to 59 series of mica 

condensers (of which type 52 is 

illustrated in the above installa-
tion), is available in a complete 

capacity range at voltages up to and 
including 50,000 volts. 

Hermetically sealed in non-porous 

low loss tubing, these condensers 
are assembled with low resistance 

cast aluminum terminals. Series, 
series-parallel or any other circuit 

combination can easily be obtained 

by bolting these terminals together. 

This series of condensers can be 

used as neutralizers, padders, in 

tank circuits, tuning condensers, 

plate blocking and wherever high 

current carrying capacitors are re-

quired. 

If you like the assurance of dealing 

with the leader, let us serve you. 

Our product list takes in every type 

of condenser required by modern 
industry. 

New 1936 industrial and transmit-

ting condenser catalog available. 

Photo Courtesy Bell Telephone Laboratories 
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330 West 42nd Street, New York, N.Y. 

APPLICATION FOR ASSOCIATE MEMBERSHIP 

(Application forms for other grades of membership arc 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 NVith 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 %yin he 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 he in my power, and if my 
membership shall be discontinued will return 111V 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 

r.   

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 inte:-ested 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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Place of Birth  Date of Birth  Age   
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Degree   
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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   

XVI 



STUDIOS or WGN 
"WORLD'S GREATEST NE WSPAPER" 

are 

Completely RCA Equipped 

The huge studios of WGN, which 
cost a large sum, are completely 
equipped with RCA apparatus... 
When the new studio project was 
conceived, it was determined 
that money would be used un-
sparingly in order to achieve the 
very best results possible in the 
art of broadcasting. The building 
itself is an architectural gem; 
its interior a masterpiece of 
collaboration by architects, en-
gineers, decorators; and its 
equipment is the finest 
obtainable ... Thus this 1)4 

nationally-famous 50 kw. broad-
casting station' joined hands with 
RCA for the perfection of pro-
gram quality ... When planning 
to enlarge or modernize your 
facilities, remember that •WGN, 
one of the greatest stations in 
the country, able to buy the best, 
chose RCA equipment. Think 
also of the fact that RCA can 
equip stations of any size with 
apparatus that is simple in oper-

ation, rugged, dependable 
and,economical in both first 
cost and operation. 

TRANSMITTER SECTION 

RCA MANUFACTURING CO., Inc. 
Camden, N. J., a service of Radio Corporation of America 

Get in touch with one of these offices: 
New York, 1270 Sixth Avenue • Chicago, 111 North Canal Street • San Francisco, 
170 Ninth Street • Dallas, 2211 Commerce Street • Atlanta. 146 Walton Street, N. W. 
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EVERY MANUFACTURER OR 

USER OF ELECTRICAL EQUIP-

MENT NEEDS 

F;Cli718 

MODEL 1200 
VOLT - OHM 
MILLIAMETER 

Accuracy guaranteed 
within 2% 

• Reads  D.C.  10-50-250-
500-1000 volts  at  2,000 
Ohms per volt; 1-10-50-
250  Milliamperes;  1500 
Ohms;  1.5 and 3 Meg-
ohms;  A.C.  10-50-250-
500-1000 volts. 

PRECISION 
WITHOUT 
EXTRAVAGANCE 

•SEPARATE A.C. AND D.C. METERS 

•TILTING FOR ACCURATE READING 

•OHMS SCALES SEPARATELY AD-
JUSTED 

•LOW LOSS SWITCH 

GALL METAL CASE 

Handy for all shop laboratory, 
production and repair testing. For 
example, if a circuit with series 
coil tests open the Ohmeter in-
stantly detects if coil is burned 
out, shorted or O.K.: Model 1200 
is one of a series of standardized 
units. 

TRIPLETT MANUFACTURES a complete line of all sizes and 

styles electrical measuring instruments for radio, electrical and general 

industrial purposes both standard and custom built. If you have an 

electrical instrument problem write to Triplett. 

11; ; ii;Ler Pile d/110M 
ELECTRICAL  INSTRU MENTS 
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AEROVOX RESISTORS 8 
. the solution of resistance problems 

IN resistors as well as condensers, AEROVOX offers a dependable 
product at the right price. • A fully 
departmentalized plant provides a 
complete resistor division with its own 
engineering and production person-
nel. • Adequate manufacturing ca-
pacity brings you higher quality at 

•  lower prices, with prompt delivery. 
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pensive. 
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enamel resistors. 5, 10, 
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and 10 watt units com-
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that must stand up.  Inez-

SLIDEOHM 
Adjustable  wire. 
wound  vitreous-
enamel  resistors. 
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and 200 watt rat-
ings. Sliding contact band locks 
sired value. 1 to 100,000 ohms. 

at de-

NE W CARBON 
Improved carbon re-
sistors. 1/3, 1/2 and 1 
watt  ratings.  Solid 
molded  carbon  ele-
ment.  Unaffected  by 
moisture.  Non-induc-

tive.  Noiseless.  Conservatively  rated. 
Lowest prices. 

DATA 
Submit your resistance as well 
as capacitance problems for en-
gineering  collaboration  and 

quotations. General catalog sent on request. 

CORP OR ATJ O N 
71 Washington St.,  Brooklyn, N.Y. 

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful. 

XIX 



Change in Mailing Address 
or Business Title 

Members of the Institute are asked to use this form to notify the 
Institute office of a change in their mailing address or the listing of 
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HelOIR 

TUST as the human pulse is de-
J pendent on proper heart ac-
tion, so the carrier frequency of 
your transmitter is dependent on 
the proper functioning of its 
crystal. 
Crystals mounted in holders 

made of ISOLANTITE generate 
frequencies of greater ampli-
tude and precision than where 
other insulating materials are 
employed. 

Actual comparison in perform-
ance between crystals mounted 
in holders of ISOLANTITE and of 
organic materials has shown 
more than 75% increase in trans-
mitter output where ISOLANTITE 
was employed. 
Avoid frequency drift and as-

sure increased output by insisting 
on ISOLANTITE crystal mount-
ings. Isolantite, Inc., 233 Broad-
way, New York, N. Y. Factory at 
Belleville, N. J. 
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ENGINEERING DIRECTORY 
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for Standard or Special 

Radio Frequency Applications 

Write for Catalog 

BLILEY ELECTRIC CO. 

230 Union Station Bldg. 
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Cathode Ray Tubes 
and Associated 

Equipment For All 
Purposes 

Write for Complete 
Technical Data 

ALLEN B. DUMONT 
LABORATORIES 

UPPER N1ONTCLAIR, N.J. 

PRACTICAL RADIO 
ENGINEERING 

One year Residence Course 
Advanced Home Study Course 

Combined Home Study-Residence 
Course 

Write for details 

Capitol Radio Engineering 
Institute 

Washington. D.C. 

MICROPHONE 
APPLICATIONS 

Our engineering department will 
operate,  without obligation,  in 
selection of suitable microphones 
standard or special applications. 
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SIMULTIE BROTHERS 
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ERIE diviztec(ied 
RESISTORS 

.ng  

-cum& FIT 
YOUR PLANS 

"We can get around using that resistor mounting 
strip and eliminate a lot of unnecessary long leads by 
using Erie Insulated Resistors throughout." 

"We can eliminate bulky stocks by 
standardizing on Erie 15/64" x U M," 
Insulated Resistors as they will safely carry 

a 1 watt load." 

"That additional color band on Erie Insulated 
Resistors to signify differences in tolerance among 
units of the same resistance value, certainly is a 

time-saver for this department." 

Check the various departments in your plant 
to determine the savings that can be accomplished 
by using Erie Insulated Resistors. 

Erie Insulated Resistors are available in pro-
duction quantities in 15/64" x 11/16" size in any 
desired resistance values. They operate with the 
high efficiency characteristic of non-insulated 
Erie Resistors. A letter to us will bring a gener-
ous supply of samples. 

MANUFACTURERS OF ERIE RESISTOR  AUTOMATIC INJECTION 

CARBON RESISTORS CO  
AND SUPPRESS ORS  RPORATION  THER MO-PLASTICS M OLDERS OF 

TORONTO ERIE, PENNSYLVANIA LON DON 

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful. 
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TOTAL  ROTA-
TION  3300 Ro-
tation  to  throw 
switch 35° .  . 
controls are 1160 
•railable  with 
tired  resistance 
inimuni.  Total 

rotation then 25ie 

SWITCH DATA: 

S.P.S.T.;  D.P.S.T.;  S.P.D.T.; 

four  point.  S.P.S.T.  switches 

also  available  with  dead  lug. 

S.P.S.T. Switch rating: 3 amps. 

125 volts; 1 amp. 250 volts; 10 

amps. 12 volts. 

Centralab climaxes 13 years of variable resistor 

production with a control styled and engineered 

for modern, sensithe radio circuits. Built to sup-

ply a low noise level variable resistance in smallest 

practical diameter. The long resistor on the inner 

circumference (long a Centralab Radiohm fea-

ture) is particularly advantageous in small diam-

eter controls. 

The MIDGET RADIOHM provides volume or 

tone control in single, twin or triple assemblies, 

as rheostat, potentiometer or with 1, 2, or 3 taps 

on resistance at choice of six different degrees of 

rotation. All a.semblie, available with or without 

Switch. 

CENTRALAB Div. of Globe-Union Mfg. Co. 

MILWAUKEE. WIS. 

Volume Controls 

Fixed Resistors 

Wave Change Switches 

Sound Projection Controls 
When Writing to advertisers mention of the PROCEEDINGS will be mutually helpful. 
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EMPLOYMENT PAGE 

PHYSICS (particularly "Electronics") Profes-
sor, Ph.D. Formerly head of the department of 

physics at well-known University. Now Director 

of research and development laboratory of promi-

nent electrical manufacturer at good salary. De-

sires to return to University professorship or 

research fellowship at University to study prob-

lems in applied physics and electronics for indus-

trial concern. Is widely known for his numerous 

successful electrical patents and technical papers. 

Desire for academic environment ()Illy reason for 

change. Box No. 151, c/o Institute of Radio 

Engineers. 

ENGINEERING POSITIONS 

Advertisements on this page are accepted from 

Institute members who desire new positions and 

organizations which are interested in employing 

Institute members. A nominal charge of $2.00 is 

made for each insertion. Information on the 

preparation of material and closing dates for its 

acceptance will be mailed on request. 



FREQUENCY MEASUREMENTS 

AT RADIO  FREQUENCIES 

BULLETIN  I IR 

GENERAL RADIO COMI5ANY 

Cambridge, Massachusetts 

'Write for your copy 

of this comprehen-

sive manual. It is 

sent  free  to  any 

radio engineer, 

scientist, or labora-

tory worker. 

THE 1936 edition ol "Frequency Measurements 
at Radio Frequencies" was designed to familiar-

ize anyone interested in the technique of radio fre-
quency measurements with the latest developments 
in the art. 

Even though you may not be specializing in meas-
urements of this type, in the interest of keeping 
abreast with the latest developments, Bulletin 11R 
will be of considerable value to you. 

The Bulletin discusses in detail the relation be-
tween frequency and time, the primary standard, the 
secondary standard, interpolation methods, auxil-
iary equipment, and contains a description of the 
General Radio frequency measuring apparatus. 

Write for your copy of Bulletin 11R - 

GENERAL RADIO CO MPANY 

30 State Street 

4 ambridge A, Massachusetts 

GEORGE BANTA PUBLISHING' COMPANY, MENASHA, WISCONSIN 


