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SUGGESTIONS FOR CONTRIBUTORS TO THE
PROCEEDINGS

Preparation of Paper

Form—Manuseripts may be submitted by member and non-member contributors from any country.
To be acceptable for publication manuscripts should be in English, in final form for prblication,
and accompsnied by a summary of fram 100 to 300 words. Papers should be typed double space
with consecutive numbering of pages. Footnote references should be consecutively numbered
and should appear at the foot of their respective pages. Each reference should contain author’s
name, title of article, name of journal, volume, page, month, and year. Generally, the sequence
of presentation should be as follows: statement of problem; review of the subject in which the
scope, object, and conclusions of previous investigations in the same field are covered; main body
describing the apparatus, experiments, theoretical work, and results used in reaching the con-
clusions and their relation to present theory and practice; bibliography. The above pertains to
the usual type of paper. To whatever type a contribution may belong, a close conformity to
the spirit of these suggestions is recommended.

Ilustrations—Use only jet black ink on white paper or tracing cloth. Cross-section paper used for
graphs should not have more than four lines per inch. If finer ruled paper is used, the major divi-
sion lines should be drawn in with black ink, omitting the finer divisions. In the latter case, only
blue-lined paper can be accepted. Photographs must be very distinct, and must be printed on
glossy white paper. Blueprinted illustrations of any kind cannot be used. All lettering should be
3/isin. high for an 8 x 10 in. figure. Legends for figures should be tubulated on a separate sheet,
not lettered on the illustrations.

Mathematics—Fractions should be indicated by a slanting line. Use standard symbols. Decimals not
preceded by whole numbers should be preceded by zero, as 0.016. Equations may be written
in ink with subscript numbers, radicals, etc., in the desired proportion.

Abbreviations—Write a.c. and d.c., (a-c and d-c as adjectives), ke, pf, ppf, e.m.f., mh, ph, henries,
abscissas, antennas. Refer to figures as Fig. 1, Figs. 3 and 4, and to equations as {(5). Number
equations on the right in parentheses.

Summary—The summary should contain a statement of major conclusions reached, since summaries
in many cases constitute the only source of information used in compiling scientific reference
indexes. Abstracts printed in other journals, especially foreign, in most cases consist of summaries
from published papers. The summary should explain as adequately as possible the major con-
clusions to a non-specialist in the subject. The summary should contain from 100 to 300 words,
depending on the length of the paper.

Publication of Paper

Disposition—All manuscripts should be addressed to the Institute of Radio Engineers, 33 West 39th
Street, New York City. They will be examined by the Committee on Meetinga and Papers and
by the Editor. Authors are advised as promptly as possible of the action-taken, usuaily within
one month.

Proofs—Galley proof is sent to the author. Only necessary corrections in typography shopld be made.
No new material ie to be added. Corrected proofs should be returned promptly to the Institute of
Radio Engineers, 33 West 39th Street, New York City.

Reprints—With the galley proof a reprint order form is sent to the author. Orders for reprints must
be forwarded promptly as type is not held after publication.
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Syracuse, 747 TaIIes (SRS R S AEEIAE . S s § 1k Turner, Walter V.
Nroy DK K EoUSe 1o - S a5 tap = maam e an e s e g Hadley, Raymond F.
IS PET BATL: - i Tl | e bl ] e - ) i) o i 3018 Wickery, John B.
White Plains, 20 Trenton Ave.. ..................... Bayne, James W
Mandan, 708 W. Main St........... ... .. ... ... Templeman, E. J.
Cincinnati, 3027 Feltz Ave.. . ...................... Platts, George F.
Cincinnati, 3353 Wabash Ave.. . ........... Ao A - Winget, Donald N., Jr.
ClAYHOR ey LA Sl e, B RN -1 S et b | JEICI 5 ¢ Jones, Carl C.
Cleveland, Allerton Club, Room 1203. T Pierce, R. Morris
Lakewood 14415 Delaware Ave.. . ... .. ..... ....Cooper, William H.
Norwood, 4810 Beech St........... ........ . .. .Boerstler, Loren L.
Norman, 221 E. Main St.. ... ............ - ....Coston, . G.
Oklahoma City, 2904 N. Robinson St. ... ... ... .Ehret, Kenneth Marion
Shawnee, 309 8. Penn Ave.............c.voiiiunoninn Barron Arthur Jogeph

Elgin, P.O. Box 206......... ... ....... .Bussear Lilliam M.
East Pittsburgh, Research Dept., Westmghouse E. & M.

(€ S = e - B (Y e Kilgore, G. Ross
East Pnttsburgh Radio Operatlon Dept., Westinghouse

L A McKeel, P. D.

East Plttsburgh Research Bldg., Westinghouse E. & M.
Do a0 sl e L ™ s ipee QOsbon, W. O
East Plttsburgh Radio Eng. Dept., Westinghouse E. &
.................................... Reifsteck, C. N.

Tast Plttsburgh Westinghouse E. & M. Co........... Upp, Charles B,
Emporium, Sylvania Preduets Co.................... Kronenwetter, Harold G.
Tomient ST ONWARA TN S o el o | 38 LS e p s i Persio, Louis N
Johnsonburg, ¢/o Johnsanburg Radio Corp............ Carson Ww. G.

VII



Geographical Location of Members Elected January 8, 1930

Pennsylvania
(cont'd)

South Dakota

Tennessee
Texas

Virginia
Washington
‘Wisconsin

Alaska

Argentine
Australia

Austiia
Canada

Cuba
England

Hawaii
Italy

Japan

New Zealand

Philadelphia, 243 E. Upsal St., Mt. Airy. . .. .. .Blackwood, George
Campbell
Philadelphia, 251 8. 38th St............. L .. .Chambers, Csr] C.
Philadelphia, 3422 Barclay St.,, E. Falls. . ... ......... Gerhard, Charles E.
Philadelphia, 756 N. Preston St.. I Guzik, N.J.
Philadelphia, 1816 W. Sulis St............ Hertrlch John H.
Philadelphia, 3846 Lancaster Ave McCloskey, George W.
Philadelphia, 1635 Poplar St.............. .........Miller, George Anthony
Philadelphia, 2651 8. Fairhill St.. .. .............. .. Moss, Stanley Allen
I’hiladelphia, 4636 Hazel Ave................... .. ... Prow Albert H.
Philadelphia, The Gladstone, 11th and Pine Sts.. ... .. .Somervxlle Harry V.
Philadelphia, 1121 Spruce St.. . .......... ... ..... .. Stanton, Russell S.
Pittsburgh, 340 Rochelle St.. ... ... ... - Curtiss, A. N.
Pittsburgh, 5550 Beacon St.............. .. .Green, M. L.

Pittsburgh, (21), 817 Rebecca Ave..

Harness, L. R.
Pittsburgh, 306 Live Stock Exchange Bldg., Herr's

IS8T e s gz 7y g s < e mes . B S Y s Thompson, R. G.
St. Mary’s Speer Carbon Co.. . . ... ... ... . P .Abbott, Harold W.
Turtle Creek, 131 Grant St.. .. ........... est 100 Walker, M. C.
Uniontown, Box 802. .. ..................... .. ..... Vincent, Charles William
Wilkinsburg, 309 Penwood Ave.................. . . .Bokovoy, Sam A
Wilkinsburg, 442 Ross Ave..................... ....Furth, ]grnest L.
Wilkinsburg, 707 Lamar Ave.................. .. .... Ml]ler Horace G.
Wilkinsburg, 584 Celeron St................ .. ... \Ixtkewwh W,

Wilkinsburg, 1139 Franklin Ave.. .. .. bl s RN Tiied e Q.
Wilkinsburg, 723 Whitney Ave.. ...... .. : A AEEIIRD 1b Whitelock, L. D.
Wilkinsturg, 1666 Laketon Road......... ... .......Wilson, Arthur C.
LenNOXAE OXAS 32 W sttt ks ol £ pmebihd e~ 3 bl =V IAN Bockern John H.
WatertoWn . ... .o Sigelman, S. S

Memphis, 1221 Jefferson St.. .............. ... ... . Shafer, Arthur B.
Amarillo, Amarillo Inn........... e — Chini, ‘Carl J.
Amarillo, 140 Wayside Drive. .. .............. ... .. .\Iart,m J. Laurance

...Daniel, Charles L.
L .Drollinger, Kyle M.

.. .Smalts, Franklin W.
Gable, M

Tyler, Tyler Commercial College. . . .
Wichita Falls, 2213 9th St.. . .. ..
‘Winchester, 440 National Ave..
Seattle, 904 E. Pike St..

Gilman, P. O. Box 207.. .. ..... .. .. cnb ' o Al Ad vy o Lowitz, W. V.
Milwaukee, 543 Jefferson St., Apt. 37......... ... ... QOsterloo, John D.
BEyake IMi e 7% %yl b o i maars ndey e 8 g S d durreas) Brightman, R. B.
Juneau, U, 8. Naval Radio Compass Station, Soapstone

IPointwssss. B passa e S e 00 L o b b Derry, F. R.
Buenos Aires, Navarro 4159, V. Devoto. . ...... ... ... Acuna, Segundo P.
Buenos Aires, ¢/o Transradio 329, S8an Martin. . .. .. .. Noizeux, Pierre
New South Wales, North Road, astwood. .. .. .. .Craggs, Herbert Harold
Victoria, 157 Raglan St., Preston N 18.. ... ... .. .. Skelton, Thomas H
Vienna 18, Wahringerstrasse 123. .. ....... ... .. .. . .. Ehrlich, Karl
Halifax, N. 8., Acadian Hotel................. .. .. .. Howard, William B.
Hamilton, Ont., 72 Ontario Ave...... . ... ........ ... Olson, E.
Montreal, P. ., Northern Elec. Co., Lt,d 637 Craig St.. James, Cliff C.

Toronto 9 Ont., 549 Indian Road ... ........ .. ...... Cronk, Harold W.

Toronto, Ont, 886 Danforth Ave. . ... ... ... . Dix, George
Toronto, Ont., 192 Pape Ave......................c.. Grant, Ingol M.
Toronto, Ont., 91 St. George St. ymn pop ] Irwm, . D.
Toronto 6, Ont 686 Broadview Ave.. .. ..... ... ... McKichan, Donald
Brandon

Toronto, Ont., Canadian National Carbon Ca., Ltd.,

805 Davenport Road............................. Pot,t,er, N. M.
Toronto, Ont., ¢/o Sangamo Electric Co. of Canada, 183

George St i GE L £ DL T JE06.E o LT § 340 . .....Waite, Griffin Grant
Toronto, Ont., 131 Lawrence Ave. W.. Sp— Hawes, Isaac E.
Toronto’ 3, Oct., 12 Ellis Ave.. ... ... ... Tran, T A
Winm’peg, Marr. 399 Beaverbrook St............ ... ... Young, M. D.
Havana, P. 0. Box 1368.................. g id s Wl Sebasco, Jorgeh Gourafer
Cambridge, Downing College. . .. ... .. T e - R Vedy, Louis George
Sideup, Kent, Sidcup Hill, - Uplands" .........Raobertson, N. C.
Lancaster Lancashire, 5, Coverdale Road . .......Salt, William
Cleethorpes, Lincolnshire, 39, St. Peter's Ave... ... ... Poppleton, John .
Liverpool, Bootle, 28, Middlesex Road. .. ............ Hughes, William Morris
London N 7, Tufnell Park, 67, Carleton Road........ . Graham, C
London NW 2, Dollis Hill Ave,, 3, Hill Close. . ......Horn, C. O.
Norwich, Thorpe Hamlet, 34 Cedar Road. . . .. .Cooper G. R.

Hilo, Moses Stationery Co OO i e b i el i Hill, Otis
Honoiulu Boxi 3287 5r i e 14 p BT .Jackson, N.H. |
Rome, 24 Lungotevere Mellini. . Gabriello, Giannini

I{ome Vi 01 V22 IR G0 e e B e T =i SN o Marino, Algeri
Iokyo Azabuku, Banchi, Amishiroco -1. . A\kamatsu Kaworu
Tokyo, Marunouchl Japan Wireless Telegraph Chhong Klyota, Y

Tokyo, Marunouchl 2 Chonie, Japan Wireless Telegraph

CoLdagh ., » Ao SgmmAr s s h: 8 LAcae hahhsa ndogs oM s Mizuhashi, Tosaku
Tokyo, \’Iarunouchx 2 Chome, Japan Wireless Telegraph . .

(SO i, . Sewiid s ol sl ewnivn s Sl Reps 0o Nakagami, Minoru
Tokyo, 419 Ikebukuro (near Tokyo)................. Takeuchi, H
Christchureh, ¢/o Dlstrlct TeIegraph Tngmeer .......Rubenstein, 8. J.
Dannevirke, Rawhiti St.. .~ ...Claridge, R.
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Geographical Location of Members Elected January 8, 1930

NewZealand (cont’d) Queensland, S. Brisbane, Annerley, Rose St...........

North Ireland
Philippine Islands
Scotland

South Africa

South Australia

California

Georgia
Illinois
Indiana

Iowa
Massachusetts

Missouri
Nebraska
New Jersey

New York

Ohio

Pennsylvania
Texas
Canada

New Zealand
Peru

Belfast, 128 University Ave. . ......... ... ..... -
Cebu, Cebu, P.O.Box 525. .. ......................
Aberdeen, 102 Stanley St......................... ..
Edinburgh, 6% Royal Circus.................... .. ...
Beaufort West, Telegraph Repeater Room. .

Wilkie, J. ‘McKenzie
Gee, Harry
.Hendry, J. 8.

Northern Rhodesxa c/o N'Changa Copper VImeq via

Ndola ..............

Elected to the Junior grade
San Francisco, 625 Bush St.. ...............

Atlanta, P. O. Box 742........... ... .
Chicago, 5509 Everett Ave... a
Valparaiso..................
Valparaiso, 401 E. Monroe. . N
VAl DATE SO/ A BB bl e Tall - 1 ety PV
Vincennes, Terre Haute Road......... ... ..
Doudse!a B4 ms A s s bea w6 o . =
Cambridge, M. I. T. Dorm '93...........
Cambridge, M. I. T. Dorm, Room 93-5
Gloucester, 13 Beauport Ave.. .. ..
Hannibal, 1030 Church St.. . . . N
Carletongg ol bk B a¥eh .o et s o a s o 6w
Passaic, 330 Gregory Ave.. ... ..
Weehawken, 62 Liberty Place. .
Brooklyn, 2977 W. 3rd St.. i o |
Brooklyn, 441 Eastern Parkway ............
Brooklyn, 839 Monroe St.. .....................
New York City, 1575 Grand Concourse, Bronx.
Schenectady, Union College, Delta Phi House ~
Skaneateles, 65 Genesee St..
Lakewood, 15104 Detroit Ave......... ... ...
Westerville, R. R. #1, Box 9-A
Scranton, 323 Madison Ave.. .. ...... ..
San Antonio, 205 E. Locust. ............ ..
Toronto, Ont., 48 Albermarle Ave. .
Dunedm Northeast Valley, 30 Calder Ave..
Lima, All American Cables, Inc., Radio Staff.

i el - @ < G <7+

... Palmer,
.. Gallinger, Lester E.
.Gunnlaugson, Jacob

...Cox, T.
..Damm, Fred
.. Mercer, Ira G.. Jr.
. Pollack, Dale
.. Daniels, Murray

Yule, T. M.
Sawford, L. F.

. .Simpson, Charlptte.

Frances
Barker, Howard J.
James

Jones, W. R
Kopp, Clarence

. .Greenfield, Daniel C.
... Dyer, John Newton
.. Hollywood, John M.

Hoyt, Edward C.
Alfred

Hartley, John Harrison

.. .Salvante, Louis Eugene
.. Sheffield, Berthold
.. Peck, H.
.Roberts, Edward
.Hoff, Henry B.
... Nafzger, Lester H
.. .Richards, Jack E.
...James, Vir N.
...Morton, Howard J.
.. .Collett, William George
..8haw, Sydney Coates

Caid



Proceedings of the Institute of Radio Engineers

Volume 18, Number 2 February, 1930

APPLICATIONS FOR MEMBERSHIP

Applications for transfer or election to the various grades of membership
have been received from the persons listed below, and have been approved by
the Committee on Admissions. Members objecting to transfer or election of any
of these applicants should communicate with the Secretary on or before Febru-
ary 28, 1930. These applicants will be considered by the Board of Direction at

its March 5th meeting.

For Transfer to the Member grade
Dist. of Columbia Washington, 3221 Connecticut Ave..............
Australia Brisbane, Queensland, Broadeasting Station 4QG .
England London EC4 123/5 Queen Victoria St. .
South Africa Natal, Durban Durban Broadeasting Statlon Muuici-

.Diamond, Harry
.Bardin, W. F
Gambrell LW,

pal Bulldmg ................................ .. Allaway, G. N. P.
For Election to the Member grade
New York New York City, 106 Seventh Avenue................Cohn, Hugo
hio Cineinnati, 1027 Valley Lane, Avondale...... ... ...Church, John F.
Pennsylvania Swissvale, 7333 Whipple St......................... Zworykin, V. K.
Virginia Quantico, Marine Barracks.. .. .............. . . . Moriarty, James I,
England North Wembley, Mlddlese‘( Shrublands, 7 Paxford Rd. Lane, C. F.
For Election to the Associate grade
California Los Angeles, 708 N. Kenmore Rd. . . ................. Alford, Andrew
Los Angeles, 820 W. 30th St.................. .. .. Berkoll, G. F.
Los Angeles, 1653-3rd Ave..................... .. Day, Ralph P.
Qakland, 596-58th St.......................... ..Zimmer, H. F.
Connecticut New Haven 280 Whallev Ave Apt el | e NS Messer, H. G.
Torrington, 85 Prescott 8t.. . ................... ... Alexas, Joseph
Dist. of Columbia Washington, 1745-18th St., N. W.. ... ... ... . ... .Me¢Nallan, Wilbur T.
‘Washington, 1300 Gee St., 'N. W Pt ALASPY .Roberts, Matthew H.
Florida Jucksonville, Radio Station WIAX. Canepa, John M.
Illinois Chicago, 1735 Washburne Ave.. .. .............. Carney. Louis P.
Chicago, 2625 N. Rockwell St. .. ... ...... . Smith, Paul S.
St. Louis, 3015 Regent P1.. ... ... . a .Reiss, Paul E.
Indiana Albion, 115,N. Elm St.. c..iesca i 0mss . Ravenscroft, Carl E.
Iowa Shenandosh . Rapp, John C
Lcuisiana, Bastrop, Moeller's Radio Shop . . .. Moeller, Jerome H.
Maine Bangor, 64 Ohio St.................. ... .......... Mullaney, John R.
Massachusetts Gloucester 91 Mam Stha s v . .. Adams, John C.
New Bedford, 77 Jouvette St Blanchet, Ovila J.
Somerville, 34 Flint St.. . . . . .Balderson, James R.
Watertown, 60 Church St.... ... Salvini, David K.
Michigan Ann Arbor, 1020 Olivia Ave.. ... . ..... .. ... .. .. Williams, N. H.
Detroit, 1820 Helen Ave.... . . ... ...Howey, Wm. J.
Flint, 614 Pierson St.. ............. ... ..Raab, Edwin F.
Grand Rapids, 163 Hall 8t.,, S. E.. . ... . .. . . .. ..Blett, E. B.
Muskegon, 119 Irwin Ave...... ... . .. Retzlaff, K. C.
. Sault Ste Marie, 600 South St.......... .Smith, Rex B.
Minnesota Minneapolis, 38: 32 Elliot ANV e R e B ..Braum, Cyril M.
Minneapolis, 531 Walnut St., SU e e s Kallio, Wilho
Nebraska Omaha, 3071 8.32nd St.. . ... ... Veverka, R. E.
New Jersey BIoomﬁeld 200 Franklin St.. . ................ ... .Briggs, T. H. IV

New Mexico
New York

Cliffwood, Bell Telephone Labs.,
Camden, 2222 46th St.. . ... .. ...
East Orange, 25 Lawton St.. . .. ..
Irvington, 1010 Clinton Ave.. ..

Newark, 32 Third Ave...... ... ...
Newark, 68 Astor St.. . .. ... ... ..
Newark, 329 Walnut St.. ... .. ..

.. .Beck, Alfred C.

.Greene, Warren L.
..Coxey, E. J.
Newton, Oscar A.
..Erstad, A

. .Kurlbaum, Georg
. .Golden, Frank

Newark, 459 High St., Apt. 43-R50. . ..Tasker, J. M.
Penns Grove 28 Zlegler Trust.. ..Douglass, Wm. A.
Plainfield, 318 Central Ave.. . .Alleutt, E. B.

TREHOID E clalo dlo i ot i) o o A [ 1
Buffalo, 318 Elm St.. .. .. .......... .. ..
Buffalo, 740 8. Division St..
Buffalo, 740 8. Division St... . ................. ...
Jackson Hts, L. I, 41-40- 77th St.
Jamaica, L. I 146-50—107th St. . "
New York City, 2 8. Pinehurst Ave.... ...
New York City, 463 West St.................
New York City, 463 West St.. ... ...... ... ..

. .Schulze, R. L.
Hayes, Wilber A.
Windrath, M. B.
Windrath, R. V.
Beisel, Keith
Roth, "Louis H.
......... Bramson, Wm.
..Coles, Francis A.
.. Plummer, W. E.

New York City, 3120 Hull Ave.. .. ........... .Roth, Wm.
New York City, 20 West 40th St.. . . ..... .......... Sperry, A.T.
Rochester, 3 Stebbins St.................. .Hartmetz, F. P.
Rochester, 25 Bernard St.. .. ....... ... ... ......... Hgas, Paul
Rochester, 311 Wilkins St................... .. .. Kimmel, K. A
Troy, 24 Cortlandt St............................. Herman, S. P.



New York (cont.)

Ohio

Oklahoma

Pennsylvania

Tennessee
Texas

Vermont
Virginia
Washington
‘Wisconsin

Alaska
Argentina

Australia
Canada

China
England

Guam
Hawaii
Japan

Illinois
Indiana

Iowa
Massachusetts

Missouri

New Jersey

Applications for Membership

Utica, 2814 Dearborn PL........... ..... ..... ...Gray, John E.
Utiea, 11 Clark PL.. . . ...... ... o= o ... .Steates, E. F.
Woodside, L. I., 50-06 Bliss St. ... ... .... ... ... Carreau, E. L

...... Cornell, James F.
. .Sponagle, C. E
Mohn, Olaf
Retter, C. T.
e ... Willging, L. F.
........... Byers, James C
....Kesheimer, E. V.
..... Wright, A. J., Jr.
..... Roberts, C. E.

Ashtabula, 13 Orchard Ave.. ..
Cleveland, 947 Leader Building
Dayton, 615 West Circle Drive.. .
Dayton, 30 W. Beechwood Ave.
Norwood, 5210 Warren Ave.. ... ... ..
Portsmouth, Wheeling Steel Corp..
Idf)rmgﬁeld 'United Reproducers Corp B
ugo, 402 E. Lowery St......... ... .........
Oklahoma City, 706" W. Second N

Erie, 1853 East Lake Rd.. i el ... Metzner, M. W.
Phlladelphxa 4447 Baker St., d Manayunk ........... Merman J.
Philadelphia, 5553 N. Lawrenee St.. . ............... Nagle, John F.
West Philadelphia, 5006 Willows Ave............ ...Caulton, C. O.
Reading, 940 Elm St.. . ................. i Lxesman Jo Ay
INOCDET -1 -pe hnil opation: v Bl 000l T L s - Zern,

Memphis, 2190 Harbert Ave
Corpus Christi, Radio Sta. KGFI, Plaza Hotel Studio. Lockhart, Hildred B.
Dallas, 317 W. 8th St.. 7 d Childers, Horace W.
Dallas, 612 S. Willomet St.. . .. ..Howard, G. M.
Dallas, 5647 East Side Ave... ... .. . .\’Iltchell John P.

El Paso, Box #73, Station A.......... .. . Talbott, E. P.
Houston, P. O. Box #1705.. .. ... .. ........ ....Van Orsdsle, A A
Rutland, 127 Lincoln Ave.. . ... ................... Westeren, S. E

Dumbarton, R. F. D. #1, Box #204, Wilson Ave ..Eubank, R. N.
Riechmond, 2315 Third Ave.. .. .................... Woods, David C.
Spokane, 515 E. Ermina Ave.. ... ..... ... vz o Rankin, R. C
Shorewood, 367 Newton Ave.. . ....... ... .......... Gellerup, D. W
Stevens Point, 228 McCulloch St.. .. ....... ... .. ... Spindler, E. R.
Cordova, U. S. Naval Radio Station. ...... ... ..... MeGarry, John

Buenos A.ues Cia. Internacional de Radio, Avenida Ro-

que Saenz, Pena 501.. . ......... 'Reilly, C.
Sydney, N. 8. W., So. Radio Eng. Co 363" Oxford St. Israel, B. F.
Edmonton, Alberta 10434-69th Ave.. . ............. Field, Gearge S.
Edmonton, Alberta, 10434—69th Ave. el Field, Percy A.
Kingston, Ont., 262 Frontenac St. . .....Little, Willis C.

Montreal, Que., 4221 Decarie Blvd.. .. Kelly, F. J.
Montreal, Que., 986 Cote des Neiges ‘Road.. . .Zavitz, R. D.
Toronto, Ont., 15 Churchill Ave. ... ... . Killem, \/Iorns
Hongkong, Sam Checng Co., 40 Wing On St. . .. Wu, F. T. S.

Bradford, Yorks, 57 Whitehall Road. . .... ... .... Sykes, Wm. E.
Epping, Essex, 26 Bury Road.... ... .............. Wilecoek, A. E.
Londen, Aldwych, Internat Standard Elec. Corp., Con-

naught HOUSE. . . . Baskett, Fred. J.
London, Aldwych W.C. 1, Internat. Standard Elec.Corp.,

Connaught I oUSenparaicn oo HENIE - I aeq ! = Hamilton, D.
London, Aldwych W. C. 2, Internat. Tel. and Tel. Labs.,

Ine., Connaught House ......................... Pedersen, G. V. C.
London “Castelnau,” 189 Gunnersbury Lane, Acton W.

............................................ Burgess, A. G.

Sheffield, 286 Handsworth Road... ... ........ .. Booler, Ernest
Wembley, Middlesex, “Cottrell” 3 Georgian Court ..Hawkeswood, A. E.
NavalyStatio TV Ing B amm 4 o | s m: = ol 3§ P _-Francis, Q. T.
Honolulu, Box #2993. . . .. ™ o el T Macartney, A. Ray
Sapporo, Hosokyoku Tsukisappu Hosom ...... ... Wataru, Sugiyama

For Election to the Junior grade

Springfield, 1844 S. 15th St.. . . . . .
Kendallville, 533 N. Wood St.. .. ... ..
Monticello............ T o ok
Lowell, 482 Westford St.. ............. ..
Somerville, 96 Temple Road . . .. ........ ...

.. Numrick, Fred
....Jones, R. P.
..... Burrichter, D. E.
.....Marte, Chas. W.
..... \IacInms James R.

Kansas City, 3821 Michigan.......... _...Joyce, G.
Lincoln, 1844 Waghington. ... ..................... Klemkauf J. D.
Cleveland, 1973 W. 52nd St.. . ..... ... .. .Lyle, Chas. F.

Utica, 303 Richardson Ave..... ... v
Whippany, Bell Telephane Labs. . . .

art, Herbert
..... Bradford, C. I

D > @<L G-

XI

...... Montgomery, Wm. C., Jr,




OFFICERS AND BOARD OF DIRECTION, 1930

(Terms expire January 1, 1931, except as otherwise noted)

President
LEE DE FOREST

Vice-President

A. G. LEE
Treasurer Secretary Editor
MELVILLE EASTHAM Jorn M. CrayTon ALFrRED N. GoLpsMiTH
Managers
J. H. DELLINGER L. M. HoLL A. F. VaN Dyck
R. A. HEisiNg . R. H. MaNsoN ARTHUR BATCHELLER
(Serving until Jan. 1, 1932)
C. M. Jansky, JR. J. V. L. Hocan
(Serving until Jan. 1, 1932) (Serving until Jan. 1, 1933)

R. H. MaRrIOTT
(Serving until Jan. 1, 1933)

Junior Past Presidents
AvLFreEDp N. GoLDSMITH
A. Hoyr TavLor

Board of Editors, 1930
Avrrep N. GovpsmiTH, Chairman

STUART BALLANTINE G. W. PickaRD

Raver BaTcHER W. C. WHITE

J. W. HortoN L. E. WHITTEMORE
W. WiLsoN

COMMITTEES OF THE INSTITUTE OF RADIO ENGINEERS, 1930
Committee on Meetings and Papers
J. W. Horron, Chasrman

Theory, Circuit and General Stations and Operation, Broadcasting
L. M. HuLy R. M. Moggris
Generating Apparatus and Theory Television
L. P. WHEELER DeLBERT E. REPLOGLE
Receiving Apparatus and Theory Picture Transmission
. A. WHEELER R. H. RANGER
Transmission through Space Wire Telephony and Telegraphy
G. W. KENRICK H. A. ArFeL
Measurements and Standards Miscellaneous Technical Papers
C. B. JoLLIFFE K. S. VaNy DykE
Vacuum Tubes and Thermionics Historical, Book Reviews, Bibliogra-
W. C. WHITE phies, S. S. KirBY
Aerials and Aerial Systems Radio Communication Systems
G. C. SouTHWORTH T. A. M. CraVvEN
Acoustics and Audio Frequencies Radio Manufacturing
IrvING WOLFF G. G. THOMAS
Aircraft and Directional Radio Members at Large
F. M. Ryan ELLErRY W. STONE

HarRY SADENWATER

XII



Committees of the Institute—(Continued)

C. N. ANDERSON
ARTHUR BATCHELLER
C. M. JaNsky, Jr.
A. G. Lee

GEORGE LEwIs

STUART BALLANTINE
RavLru Bown

M. C. BaTseL

W. G. Capy

J. H. DELLINGER
MELvVILLE EasTHaMm
G. W. Gisss

C. B. JoLLIFFE

F. H. KroGERr

R. H. LaANGLEY

R. H. MansoN

J. O. MAUBORGNE

ARTHUR BATCHELLER

PauL A. GREENE
Raymonp Guy
J. V. L. Hogan

Committee on Admissjons
R. A. Hxising, Chairman
R. H. MARrRrIOTT
E. R. SHUuTE
J. 8. SmiTH
A. F. VaN Dyck
Chairman of each Section, ez officio

Committee on Institute Awards
W. G. Capy, Chairman

ALFRED N. GoLDSMITH
A. HovyT TavLor

Committee on Bibliography

B. E. SuackevLrorDp, Chairman
DonaLp McNicoL
G. W. PICKARD
E. R. SuuTE
H. M. TUurRNER
A.F. VaN Dyck
H. A, WHEELER
L. P. WHEELER
W. C. WHITE
L. E. WHITTEMORE
W. WiLsoN

Committee on Broadcasting
L. M. Hury, Chatrman
C. W. HorN
R. H. MagrgioTT
E. L. NELsox

Committee on Constitution and Laws

ARTHUR BATCHELLER

MELVILLE EAsTHAM
W. G. H. Fincu
H. E. HaLLBoRG

W. H. BELTz

F. R. Brick

W. W. Browx
BEvVERLY DupLEY
H. C. GaAwLER

F. A. KoLsTER

S. R. MonTcaLM

AUSTIN BAILEY
H. C. GAwLER

R. H. Magr1orr, Chairman
R. A. Heising
G. W. PICKARD
Haroup A. ZEAMANS

Committee on Membership
I. S. CoagEsuaLy, Chairman
A. F. MURRAY
M. E. PaAckmaN
C. R. Rowg
J. E. SmiTH
JorN C. STROEBEL, JR.
A. M. TROGNER
Secretary of each Section, ex officio

Committee on New York Programs
R. H. RanGER, Chairman
F. M. Ryan
E. R. SuuTE
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LeE pE ForEsT
President of the Institute, 1930

Lee de Forest was born at Council Bluffs, Iowa, August 26, 1873. He was
graduated from Sheffield Scientific School of Yale University in 1896 with the B.S.
degree. In 1899 he received the Ph.D. degree and in 1926 the D.Sc.Degree,
from Yale University. During the Spanish American War he was a member of
Battery A, First Artillery Company, Connecticut National Guard.

Since 1901 Dr. de Forest has been identified with the development of radio
communication. In 1906 he patented the audion or three-element vacuum tube.
In the years that followed he has been an active worker in the application of the
vacuum tube in its various uses.

He has been the recipient of many honors, among them the Gold Medal
of the St. Louis Exposition in 1904, for work in wireless telegraphy, and the Gold
Medal of the San Francisco Exposition in 1915 for his work in radiotelephony.

He has the cross of the Legion of Honor from France, the Elliott Cresson Medal
" from the Franklin Institute, the Medal of Honor from the Institute of Radio
Engineers, and the John Scott Medal from the City of Philadelphia.

Dr. de Forest is a Fellow in the Institute of Radio Engineers and the Ameri-
can Institute of Electrical Engineers.

He was elected by the membership to the Presidency of the Institute of
Radio Engineers on January 8, 1930.
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January Meeting of the Board of Direction

At the January 8, 1930 meeting of the Board of Direction, held
in the office of the Institute, 33 West 39th Street, New York City,
at 2 .M. the following Board members were present: A. Hoyt Taylor,
president; Melville Eastham, treasurer; Lee de Forest, president-
elect; Alfred N. Goldsmith, junior past president; Arthur Batcheller,
J. H. Dellinger, R. A. Heising, R. H. Manson, R. H. Marriott, and
John M. Clayton, secretary.

The official count of the Committee of Tellers, appointed to ascer-
tain the vote of the membership for officers and Board members
for this year was certified, the results of the ballot being as follows:
president, Lee de Forest; vice president, Colonel A. G. Lee; managers
with terms to January 1, 1933—J.V.L. Hogan and R. H. Marriott.

R. A. Heising, L. M. Hull, and A. F. Van Dyck were appointed
members of the Board for 1930. Melville Ilastham was reappointed
treasurer of the Institute and John M. Clayton, secretary.

The following were transferred and elected to the grades of mem-
bership indicated. '

Transferred to the Fellow grade: H. Barkhausen.

Transferred to the Member grade: Edward Austin, C. A. Boddie,
Burke Bradbury, A. W. Kispaugh, C. C. Meredith, and Arthur E.
Thiessen. :

Elected to the Fellow grade: H. Fassbender.

Elected to the Member grade: R. W. Carlisle, Lieut. Comm.
Lowell Cooper, Allen B. DuMont, Ralph Fortier, Harry G. Grover,
G. Israel Kraemer, J. A. Lavallee, L. O. Marsteller, Phya Prakit,
5. W. Ritter, and Albert Roth.

Three hundred and seven Associate members and twenty Junior
members were elected.

F. M. Ryan was appointed the Institute’s representative on the
Committee on Aeronautical Radio Research, Department of Com-
merce.

Alfred N. Goldsmith was appointed Editor of the ProcEEDINGS
to succeed W. G. Cady, resigned.

J. C. Jensen, of Nebraska-Wesleyan University, was appointed
the Institute’s representative on the Council of the American Asso-
ciation for the Advancement of Science.
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R. H. Marriott was appointed the Institute’s representative on
the Executive Committee of the American Section, International
Scientific Radio Union.

It was announced that the final paid membership of the Institute
as of December 31, 1929, was 5,695, an increase of 848 during the year.

Associate Application Form

For the convenience of members of the Institute who may want
to present an application form for Associate membership to their
eligible non-member friends or associates, there appears each month
in the advertising section of the PrRocEEDINGS a condensed Associate
application blank.

Application forms for membership in other grades may be obtained
from the Institute upon application.

Radio Signal Transmissions of Standard Frequency

FEBRUARY TO JUNE, 1930

The following is a schedule of radio signals of standard frequencies
for use by the public in calibrating frequency standards and trans-
mitting and receiving apparatus as transmitted from station WWV
. of the Bureau of Standards, Washington, D.C. _

Further information regarding these schedules and how to utilize
the transmissions can be found on pages 10 and 11 of the January,
1930, issue of the ProcEEDINGS and in the Bureau of Standards Letter
Circular No. 171 which may be obtained by applying to the Bureau
of Standards, Washington, D.C.

Esastern Standard

Time Feb. 20 Mar. 20 Apr. 21 May 20 June 20
10 00 pM 4000 550 1600 4000 550
10 12 4400 600 1800 4400 600
10 24 4800 700 2000 4800 700
10 36 5200 800 2400 5200 800
10 48 5800 1000 2800 5800 1000
11 00 6400 1200 3200 6400 1200
11 12 7000 1400 3600 7000 4400

11 24 7600 1500 4000 7600 1500

1929 Bound Volumes

A limited number of bound volumes of the ProcEEDINGs for the
year 1929 are available. These are bound in a substantial blue buck-
ram binding and are complete with the annual index. To members
of the Institute the price is $9.50 per volume; to others, $12.00 per
volume.
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Committee Work

COMMITTEE ON ADMISSIONS

A meeting of the Committee on Admissions was held on January
3rd in the office of the Institute, 33 West 39th Street, at 10:00 .M.
Members present were R. A. Heising, chairman; Arthur Batcheller,
J. 8. Smith, and A. F. Van Dyck.

The Committee considered seventeen applications for transfer
or election to the Member grade in the Institute. Nine of these appli-
cations were approved.

SUBCOMMITTEE ON RECEIVERS AND PARTS

A meeting of the Subcommittee on Radio Receivers and Parts
of the Institute’s Committee on Standardization was held at 10 a.M.
on January 7th in the office of the Institute. Members of the sub-
committee were present as follows: E. T. Dickey, chairman; George
Crom, C. E. Dean (representing W. A. McDonald), Maleolm Ferris,
E. J. T. Moore (representing V. M. Graham), and H. P. Westman,
secretary.

COMMITTEE ON BROADCASTING

The Committee on Broadcasting met at 10 aA.M. on January 8th.
Members present included R. H. Marriott, acting chairman; R. F.
Guy, Paul A. Greene, E. L. Nelson, and Arthur Batcheller.

COMMITTEE ON MEMBERSHIP

In the office of the Institute at 5:30 p.m. on Wednesday, January
8th, a meeting of the Committee on Membership was held. Those
present were I. S. Coggeshall, chairman; H. B. Coxhead, F. R. Brick,
R. 8. Kruse, H. C. Gawler, J. E. Smith, and A. M. Trogner.

SUBCOMMITTEE ON VacuuMm TUBES

A meeting of the Subcommittee on Vacuum Tubes of the Standard-
ization Committee of the Institute was held at 10 a.m. January 9th
in the office of the Institute. Those present were C. B. Jolliffe, chair-
man; Stuart Ballantine, E. L. Chaffee, H. F. Dart, D. E. Harnett,
J. W. Horton, George Lewis, W. C, White, J. C. Warner, and H. P.
Westman, secretary.

TecuaNicaL ComMmITTEE ON ELECTRO-AcousTtic DEVICES

The Technical Committee on Electro-Acoustic Devices of the
American Standards Association met at 2:00 r.mM. on January 9, 1930,
in the Institute office in New York City. Members present were as



212 Institute News and Radio Notes

follows: Irving Wolff, chairman; Austin Armer, L. G. Bostwick,
E. D. Cook, H. A. Frederick, J. W. Horton, C. L. Farrand, E. W.
Kellogg, Benjamin Olney, L. J. Sivian, H. B. Smith, .J. E. Volkmann,
J. D. Phyfe, and H. P. Westman, secretary.

Report of 1929 Activities of Committee on Standardization

The Committee on Standardization inaugurated the vigorous
expansion of the Institute’s standardization work decided upon by
the Board of Direction in its June 5th resolution. Most of the time of
the assistant secretary of the Institute is devoted to the work of this
committee and of the A.S.A. Sectional Committee on Radio, of which
the Institute is a sponsor. He acts as secretary of this committee and
of all its subcommittees. The committee has set up four subcommittees
which carry on most of the work. Two of the subcommittees have
organized parts of their work in sub-subcommittees.

The committee is making a special point of working in collabora-
tion with other organizations in similar fields. There are included
in the committee’s membership officially designated representatives
of the ALE.E.,, RM.A,, and N.E.M.A. There is similarly a repre-
sentative of the R.M.A. and of the N.E.M.A. on each subcommittee.

An executive committee of eight was organized, consisting of the
chairman and secretary, the representatives of the R.M.A. and
N.EM.A, and the four subcommittee chairmen. This executive
committee considers matters of organization, coordination, and coop-
eration. The Standardization Committee as a whole passes upon the
reports of the subcommittees and in addition deals with technical
matters not handled by any subcommittee.

The committee has been assisted by a number of comments on the
1928 Standardization Report, which have been received from members
and others. The R.M.A. suggested revisions of some of the provisions
of the radio receiver testing standards, and drew attention to the need
of testing methods for radio-frequency transformers and for loud
speakers. .

A number of standards of interest to radio engineers have been
selected from the published standards of the A.S.A. and A.LE.E.
for publication in the 1930 Year Book. These will be given simply for
the information of the Institute members, no action on them having
been taken by the Institute or its Standardization Committee.

The reports of three of the four subcommittees follow. The other
subcommittee, on electro-acoustics, has work in progress or in prospect
on the following subjects: Review of the portions of 1928 Standard-
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ization Report dealing with electro-acoustic matters to consider any
suitable for submission to the A.S.A. Sectional Committee on Radio
as tentative American standards.
Review of definitions of types of loud speakers.
Methods of measuring sound output of loud speakers as a function
of frequency.
Methods of measuring loud-speaker overload and sensitivity.
Respectfully submitted,
J. H. DELLINGER, Chazrman

SUBCOMMITTEE ON RADIO RECEIVERS

Work Done and in Progress

Review of the comments on the section on Radio Receivers which
have been received since the publication of the 1928 Standardization
Report.

Review of the sections of the 1928 Standardization Report dealing
with radio receivers for the purpose of deciding upon those which
are suitable for submission to the Sectional Committee on Radio of
the American Standards Association as tentative American standards.

Formation of three sub-subcommittees of the Subcommittee on
Radio Receivers to handle the work in connection with drawing up
standards for high-frequency receivers, aircraft receivers, commerecial
marine receivers, and direction finders.

Problems for Future Work

Preparation of a test outline for determining the distortion eaused
in radio reception by the detector.

Preparation of definitions for new terms such as “linear detector”
and “power detector.”

Preparation of a test outline for measurement of automatic volume
controls.

Study of the present graph plotting methods for the purpose of
revising them if such action seems desirable.

Preparation of test outlines for measurement of component parts of
a radio receiver.

E. T. Dickey, Chairman
Subcommittee on Radio Receivers

SUBCOMMITTEE ON RADIO TRANSMITTERS AND ANTENNAS

Work Done and in Progress

The subcommittee has reviewed the portions of 1928 Standardiza-
tion Report coming within its scope and has prepared some tentative
revisions.
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Three sub-subcommittees have been appointed to deal with the fol-
lowing subjects: (1) nomenclature, symbols and definitions; (2) methods
of testing apparatus, equipment, devices, and materials, used in radio
transmitters and antennas; (3) establishment of provisions for safety
of operating and other personnel in relation to radio transmitting
equipment.

Problems for Future Work

Additional definitions on antennas.

Methods of test for safety provisions.

Definitions relating to the general external effects produced by
transmitting apparatus. Owing to the small contact of the general
public with transmitting apparatus itself, and the relatively small
number of manufacturers, each of whom have their own specifications
as to materials, etc., the general opinion seems to be that our work
should be primarily confined to the effects the equipment produces,
which is the point of contact between the equipment itself and the
general public. To this end, it is proposed to discuss and adopt all
desirable pertinent matters arrived at by the American Delegation, as
embodied in its recommendations to the C.C.ILR. meeting at The
Hague this year. '

Harapen Pratr, Chatrman
Subcommittee on Radio Transmitters and Antennas

SUBCOMMITTEE oN Vacuum TuBES

Work Done and in Progress

Review of the comments on section on Vacuum Tubes of 1928
Standardization Report received since publication.

Revision and amplification of some definitions to make them applic-
able to vacuum tubes having any number of electrodes.

Problems for Future Work

Study of vacuum-tube letter symbols and formulation of a new
standard system.

Review of section on vacuum tubes of 1928 Standardization Re-
port with view to selecting material for submission to Sectional Com-
mittee on Radio of the American Standards Association as tentative
American standards.

Review of section on Standard Methods of Measuring Important
Characteristics of Vacuum Tubes to consider applicability of these
methods to new types of vacuum tubes.

C. B. JoLuirrE, Chairman
Subcommittee on Vacuum Tubes
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Photographs of Delegates to the Eastern Great Lakes
District Convention

Members of the Institute who were present at the Eastern Great
Lakes District Convention and did not secure a photograph of the
delegates taken at Valley Appliances, Inc., may receive one copy of
the photograph, gratis, by addressing John W. Dodson, Valley Ap-
pliances, Inc., P. O. Box 105, Rochester, N. Y.

Institute Meetings

ATLANTA SECTION

The December, 1929, meeting of the Atlanta Section of the Insti-
tute was held in the Hurt Building, Atlanta, on the 26th of the month.

H. P. Thornton, chairman of the section, presided. XK. A. Pitt, of
the Electrical Research Laboratories, presented a demonstration of the
Western Electric sound system.

A. Hoyt Taylor, president of the Institute, was the guest of honor.
Dr. Taylor addressed the section on the activities of the Institute,
reviewing the work accomplished during the year.

Philip C. Bangs was elected secretary-treasurer of the seciion to
fill the vacancy caused by the resignation of J. H. McKinney, removed
to Dallas, Tex.

Forty-seven members of the section and their guests attended this
meeting.

BurraLO-NIAGARA SECTION

A meeting of the Buffalo-Niagara Section was held on December
18th in Edmund Hayes Hall, University of Buffalo. L. Grant Hector,
chairman of the section, presided.

C. G. Miller, of the Weston Electrical Instrument Corporation,
presented a paper on “Electrical Measuring Instruments” and S. W.
Brown, of Cumberland-Young, Inc., read a paper, “Vacuum Tubes
Employing both Space-Charge and Screen Grids.”

The Buffalo-Niagara Section met on January 2, 1930, in Room 239,
Edmund Hayes Hall, University of Buffalo. L. Grant Hector, chair-
man of the section, presided.

H. N. Kozanowski, of the Department of Physics, University of
Michigan, presented a paper, “Quartz Crystals and their Application
to Radio.”

A general discussion on the part of the twenty-two members and
guests followed the presentation of this paper
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CINCINNATI SECTION

The Cincinnati Section met December 19th in the Cinecinnati
Chamber of Commerce. R. H. Langley, chairman of the section,
presided.

Mr. Langley reported on the meeting of the Committee on Sections
held in New York on December 5, 1929, and Mr. Loftis discussed three
of the papers which were presented at the Eastern Great Lakes Dis-
trict Convention.

Twenty-six members and guests attended the meeting.

CLEVELAND SECTION

A meeting of the Cleveland Section was held on December 20, 1929,
in the studios of Station WTAM. B. W. David, chairman of the sec-
tion, presided.

Three speakers discussed the construction of the new WTAM
studios and station as follows: S. E. Leonard, “The New Studio”;
F. E. Rutzen, “The New Station”; and G. Deitz, “The New Antenna
System.” All of the talks were illustrated with lantern slides.

A special program of WTAM artists was put on and dedicated to
the local I.R.E. Section. This feature was broadcasted.

1930 officers of the section were elected at this meeting as follows:
D. Schregardus, chairman; S. E. Leonard, vice chairman; C. H. Ship-
man, secretary-treasurer. Chairmen of two of the committees were
appointed as follaws: J. R. Martin, program committee, and E. L.
Gove, membership committee.

Forty-five members of the section attended this meeting.

NEw YorkK MEETING

The New York meeting for January was held on the 8th of the
month in the Engineering Societies Building, 33 West 39th Street. A.
Hoyt Taylor, retiring president, presented a short summary of the
activities of the Institute during the year and introduced Lee de Forest,
president-elect, who made a short inaugural address. Two papers were
presented as follows: “Summary of Developments in Frequency
Standardization,” by J. H. Dellinger and C. B. Jolliffe, both of the
Radio Section, Bureau of Standards, Washington, D. C., and “Sum-
mary of Progressin the Study of Radio Wave Propagation Phenomena”’
by G. W. Kenrick, Tufts College, Mass., and G. W. Pickard, consulting
engineer, Wireless Specialty Apparatus Co. The former paper was
presented by Dr. Jolliffe and is summarized as follows:

The steadily increasing requirements of accuracy in frequency
measurements were given new impetus by the decisions of the Inter-
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national Consulting Committee on Radio Communication, which met at
The Hague in September, 1929. The spectrum of radio frequencies is to
be used more efficiently in the future, largely through closer regulation of
the frequencies of transmitting stations. In some parts of the spectrum, it
will not be long until stations will be required to remain within 1 part in
10,000 of the assigned frequency. Station standards must be capable of
ten times this accuracy and the national primary standard one hundred
times. The paper shows that these requirements are reasonable and that
means will be available whereby they can be readily attained.”

The second paper, presented by Dr. Kenrick, is summarized as
follows:

“Recent progress in the study of radio wave propagation phenomena
is surveyed in the light of the history of the art. The paper is dividedinto
three parts: (A) an historical review; (B) recent developments; and ©)
conclusions and outlook for future development. Part A, The historical
development of the art from its inception to 1927 is considered. The dis-
cussion includes an outline of early isolated sphere hypotheses, their
limitations, and the development of the modern Kennelly-Heaviside layer
theory of radio transmission. Early experimental progress, echo signals,
magnetic correlations, and the relations of the science of radio direction
finding are also considered. Part B, (On recent advances) reviews the
progress of the last year or 18 months and includes a discussion of publica-
tions on the Stormer-van der Pol echoes and their theoretical interpreta-
tion. Progress in Kennelly-Heaviside layer height determinations and
experimental studies in transmission and magnetic and solar correlations
are also considered. Part C, The rapidity of the advance during the last
year is noted, but the need of further consistent observations and other
means of investigation before anything approaching a complete satis-
factory theory of radio transmission can be evolved is pointed out. A
bibliography of 100 references is also included.”

It is believed that both of these papers will be published in forth-
coming issues of the PRocEEDINGS.

Four hundred and fifty members of the Institute and their guests
attended this mecting.

PHILADELPHIA SECTION

A meeting of the Philadelphia Section of the Institute was held in
the Franklin Institute, Philadelphia, on January 7, 1930. J. C. Van
Horn, chairman of the section, presided.

J. C. Schelleng, Bell Telephone Laboratories, presented a paper,
“Some Problems in Short-Wave Telephone Transmission.” If is ex-
pected that this paper will be published in a forthcoming issue of the
ProceEpiNgs.

R. H. Goddard, Department of Physics, Clark University, pre-
sented a paper on “The Development of a Rocket for the Investigation
of the Upper Atmosphere.” The paper included a popular but aecurate
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discussion of the problems entering into the design of a rocket for
reaching very high altitudes, and indicated the importance of such a
device in connection with transmission and studies of the Kennelly-
Heaviside layer. The author believes the-rocket, equipped with camera
and other recording instruments, will penetrate to a distance of 472
miles by means of repeated explosive chambers. Rockets already per-
fected in his laboratories at Worcester, Mass., will travel to 43 miles,
it was stated, at approximately 7,000 feet a second. An automatic
parachute is made a part of each rocket. A motion picture showing
the ascent of the rocket through the 60-foot iron tower was shown.

One hundred and twenty members and guests attended the meeting
which was preceded by an informal dinner at Green’s Hotel.

PrrrssuRrGH SECTION

On December 17, 1929, a meeting of the Pittsburgh Section was
held in Utility Hall, Duquesne Light Company, Pittsburgh. L. A.
Terven, chairman of the section, presided.

J. R. Harrison, of the University of Pittsburgh, presented a paper,
“Characteristics and Uses of Piezo-Electric Crystals.”

Messrs. Hitchcock, Terven, Koch, MeArthur, Mag, Wallace, Allen,
and Haller discussed the paper.

Twenty-eight members of the section were present at this meeting.

San Francisco SEcTION

On December 18, 1929, a meeting of the San Francisco Section was
held in the Engineers’ Club, 206 Sansome Street, San Francisco.
Donald K. Lippineott, chairman of the section, presided.

Harry R. Lubcke, assistant director of research, Television Labora-
tories, Inc., presented a paper on “Band Pass Filters.” Mr. Lubcke
presented the results of an analysis of band pass filters as used in radio
receivers and described their practical significance.

Thirty-two members of the section attended this meeting.

SEATTLE SECTION

A meeting of the Seattle Section was held on December 20, 1929,
in Philosophy Hall, University of Washington. Austin V. Eastman,
chairman of the section, presided.

Captain Robert M. Shaw, of the Signal Corps, U. S. Army, pre-
sented a talk on “Radio in the Signal Corps.” The paper included a
history of the Signal Corps communication system. The talk was
illustrated by a display of several portable transmitters and receivers.
Captain Shaw explained in detail the experiences of the Signal Corps
during the war.

Twenty-five members of the section were present.
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‘W ASHINGTON SECTION

On December 11, 1929, a meeting of the Washington Section was
held in the Continental Hotel, Washington, D. C. C. B. Jolliffe,
chairman of the section, presided.

A symposium on early days of radio was conducted by Dr. L W.
Austin, General George O. Squier, Dr. Louis Cohen, and Dr. A. Hoyt
Taylor.

Forty-eight members of the section attended the meeting.

Errata

The following corrections have just been received to ths paper
entitled “The Piezo-Electric Resonator and Its Equivalent Network,”
by K. S. Van Dyke, published in the Vol. 16, No. 6 issue of the Pro-
CEEDINGS, pages 742-764:

Page 748, line 10, delete P =.
« 752, © 31, formula should be g=24'G/2l'.
« 757 <« 23, Egs. (7) should read Egs. (13).
“ 25 C1=1.0 uuf should read C1=9.4 upuf.
« 759, footnote, third line, ten should read three.
“ 762, lines 15 and 16, (b) and (a) should be interchanged.

In the paper by Yuziro Kusunose, entitled “Calculation of Charac-
teristics and the Design of Triodes” and published in the Vol. 17, No.
10 issue of the PROCEEDINGS, pages 1706-1749, two errors in mathe-
matics have been found, as follows:

Page 1712, Example 3. The equation in the third line of the calcu-

lations should read:
G'=2.33X34.2/0.25X0.68 X 10~ =0.469 X 1072.

1726, Example 11. The first dimension, given as z,=1.15
should read z,=1.15.
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Proceedings of the Institute of Radia Engineers
Volume 18, Number 2 February, 1930

A NEW TRANSFORMATION IN ALTERNATING-CURRENT
THEORY WITH AN APPLICATION TO THE
THEORY OF AUDITION*

By
BavTH. vAN DER PoL
(Physical Laboratory, Philips Incandescent Lamp Works, Eindhoven, Holland)

Summary—A mathematical transformation of the elements of an impedance,
called a j-transformation is considered whereby the complex impedance of each of the
constituents s multiplied by j, 7 and j° and thereupon the physical meaning of such
a transformed system is investigated. Thus new circuits can be derived from known
circuits and special properties of the former are transformed into new special
properties of the latter. Further negative capacities and negative inductances are
considered which are independent of frequency.

Next several a-c circuits are described having the property that the modulus of
thewr impedances is independent of frequency. Hence a complicated “wave” form,
such as speech, retains in such a circuit all its higher harmonics with their former
amplitudes, though the phases of these harmonics are shifted. Oscillograms of vowels
thus obviously show a very marked distortion, though the ear is unable to detect this
phase distortion. The experiments confirm the well-known acoustical law of Ohm
stating that within limits the ear is not able to detect phase shifts of the components
of a complicated sound.

N ordinary linear a—c theory dn inductive reactance is usually
]:[ represented by +jwL, while a capacitive reactance is denoted by

—Jj/wC. Therefore the imaginary part of an impedance may have a
positive or negative sign. As long as positive resistances only were
known the real part of an impedance was always positive (independent
of the constitution of the network considered). But with the advent
of negative resistances (such e.g., as the are, the dynatron, or the triode
with retroaction) the real part of an impedance, like the imaginary
part, may have either sign.

The transformations to be considered here (and which may be called
J-transformations) consist of multiplying all complex impedances of
anetwork by j, /2, j° and j4, respectively, where j=+/— 1. Though math-
ematically these transformations obviously represent only a turning
of the impedance vectors by angles 7/2, r, 3/2r and 2 respectively,
the physical interpretation of these transformations may lead to some
new circuits or at first sight to unexpected relations between circuits
with well-known properties.

Obviously the j* -transformation transforms the circuit into itself
and therefore does not yield anything new. On the other hand the

. * Dewey decimal classification: 530. Paper read at the U. R. 8. I. meet-
ing, Brussels, Belgium, September, 1928,

221



222 van der Pol: A New Transformation in A-C Theory

7 -transformation implies the multiplication of any circuit element by
— 1. This means that in the network considered every positive resistance
is to be replaced by a negative resistance of the same absolute value
and vice versa. Moreover every positive inductance must be replaced
by a negative inductance and vice versa, and also every positive capac-
ity by a negative capacity and vice versa. With this physical inter-
pretation of the j- transformation any network thus transformed retains
its impedances (but multiplied by —1) for all frequencies. The necessity
of constructing negative inductances and negative capacifies does not
(at least on paper) yield any difficulties, now that negative resistances
are at hand. Fig. 1b has the equivalent network of Fig. 1a, as can be
easily verified.

Fig. 1a Fig. 1b

We can therefore with the aid of two positive and onenegative resist-
ances and a capacity construct a negative inductance which is inde-
pendent of frequency. The circuit of Fig. 1a thus behaves exactly as
if between the terminals A — B a negative inductance were inserted of
value L=CR2

Similarly a negative capacity (again independent of frequency)
may be obtained as shown in Fig. 2, which speaks for itself!. Thus the
network of Fig. 2a is equivalent to a negative capacity of value
C=LR~* (Fig. 2b), as is easily verified. Of course instabilities often
arise in circuits comprising a-c negative resistances. The stability
of such a circuit can, however, be calculated. We therefore imagine
with Barkhausen? a small inductance inserted in series with an are,
and a small capacity shunted across a dynatron or triode. This system
can then be further investigated with the aid of the Hurwitz deter-
minants, giving the conditions that the real part of all the roots of an
equation are negative.?

Coming now to the j-transformation and the j*-transformation it
will be clear that the latter can be derived from the former by a j*-trans-
formation so that we can further limit ourselves to the consideration
of the j-transformation only.

1 See Bartlett, Jour. I. E. E., London, 65, 373, 1927. Also British Patent
2780?%. Barkhausen: Phys. Zeit., 27, 43, 1926.

s T found that these determinants can be considerably simplified and hope to
report on thissubjéct shortly.
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As the reactance of a self-inductance and of a capacity depends upon
the angular frequency w of the impressed e.m.f. the j-transformation
can be used only for one given frequency at a time so that when a dif-
ferent frequency is considered the physical and numerical results
of the j-transformation are also different. Inapplying the j-transforma-
tion every positive resistance R in the network, through the multi-
plication by j, becomes jR and this has to be interpreted physically
as jwL’, i.e., every positive resistance R is transformed into an induc-
tance L', of amount L'=Rw ! Similarly every negative resistance
— R has to be replaced by a capacity C’ such that ¢’ = (wR)~!. Further

]
——

A ——— A— ———T
R
S
-RE -

- R% C=LR?
5 | -

Fig. 2a Fig. 2b

every impedance jwL becomes jjwl = —wL=—R’' ie., every induc-
tance L has to be replaced by a negative resistance — R’ of an amount
R'=(wL)™*. Tinally every capacitive reactance 1/jwC becomes j/jwC
=(wC)™t. This expression is real and positive, hence every capacity
(of value C) has to be replaced by a resistance R’, where R’ = (wC)— 1.

It will be clear that in ordinary vectorial representation the j-trans-
formation simply means revolving a vector diagram as a whole through
90 deg. and then inquiring into the physical meaning of the revolved
diagram. The j-transformation could obviously be extended to trans-
formations such as a j!-transformation, meaning a rotation over
an angle m/4. However, we will limit ourselves here to integral powers
of 7 only.

Consider for example a series connection of L, C, +R, and —R,.
Upon this linear system let an e.m.f. be impressed of angular fre-
quency w. By varying L or C we can bring the system into reactance-
resonance. When, as in a wireless receiver with retroaction, we there-
upon make R, as nearly as possible equal to R, (i.e. adjust the retro-
action to the critical point), we do the same thing over again, but only
after one j-transformation, and one could say in a broad sense that
adjusting the total resistance near zero value means bringing the sys-
tem into resistance-resonance.

We will now consider some simple a-¢ circuits having special
properties and inquire as to what becomes of them after a j-transfor-
mation.
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- Example 1.
Consider Fig. 3a, representing a well-known circuit, such as often

Ao— —; — R 3 = .
o l i +
L3 oS j
< E
r r
Bie: = = 1 —
Fig. 3a Fig. 3b

used, for example in a triode amplifier.
This circuit has the property that for resonance, i.e., for
jwL - (1)
Wiy = ————
J jwC

the equivalent impedance Z 45 between the points A —B is

2R @

and is therefore real, i.e., a pure resistance. After one j-transforma-
tion Fig. 3a is changed into Fig. 3b such that

jwL=—Ry,
1 ’
j—w—a——— + R,
R=jwlL’,
R=jwL’
Thus the condition (1) becomes
R/=R) (1)

i.e., in the derived circuit the equality of the moduli of the two resist-
ances corresponds to the resonance condition of the original circuit.
Moreover, the special property (2) of the original circuit becomes after
our j-transformation
—Riy'Ry’ — w?L"? w224 R"?
74 B,:—#——aij’-——,— (2%)
2jwL’ 2w2L"?

or, in words, the system of Fig. 3b behaves as a pure inductance when
the numerical values of —R,! and R,! are made equal.
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Example 2.

The circuit of Fig. 4a has the property that when jwL = —1/jwC
i.e., in resonance, the current ¢, through the arbitrary impedance
Z is independent of this impedance, viz.

E

= ol (3)

iz

After the application of the j-transformation Fig. 4a becomes Fig.
4b. Here again the resonance condition of Fig. 4a is changed into the
equality of the numerical values of the two resistances — R’ and R’

i
...... -—’l

iz
IWLO‘G\I == g
%Esinmt TC } év‘Esin.wt o
L i I.__ —__*

Fig. 4a Fig. 4b

in Fig. 4b. The arbitrary impedance Z of Fig. 4a is transformed into
another arbitrary impedance Z° of Fig. 4b. Again (3) changes into
E

i’ = —— 3/

p=— 3"

or in words, the current through Z’ is indepedent of the impedance

Z' itself, so that, when instead of F sin wt an e.m.f. is applied of

arbitrary wave form, the current through Z’ is an exact image in
amplitudes as well as in phases of the applied e.m.f.¢

Example 3.

Let a given current ¢ be flowing between the terminals A and B of
Fig. 5a. It is easy to show that for resonance the p.d. E. developed
across the impedance Z will be

Ez

%
JwC
and therefore does not depend upon the value or constitution of Z,

i tr
o === 00000 Ao =t7 o aranynze
| i SR

== Ve, FE 4/ {4
Bo—o J—_ Bo— ?t

Fig. 5a Fig. 5b
¢ This property of Fig. 4b has already been derived by Bartlett, l. c.
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The j-transformation of Fig. 5a is shown in Fig. 5b. If in the latter
the negative resistance — R’ is numerically made equal to the positive
resistance R’ then the p.d. developed across the arbitrary impe-
dance Z’ is an exact image of the current ¢’ entering the system, inde-
pendent of its wave form.

Example 4. (Application to the theory of audition).

Consider the circuit of Fig. 6a. For an impressed e.m.f. of a fre-
quency w given by

1
2 4
“ Teze &
the impedance Z 4 between the terminals A B is given by
Zan=jol ~CR L. o (5)
{4 =JlW e =W € 1
g
where
tan 6 =wCR (6)

We therefore see that for the specific frequency given by (4) the
modulus of the impedance between the points A and B of Fig. 6a does

A o_/Um\ Ao— i A
t

C=

1l
=
vl
W
~
>
r

Bo—— B‘o—

Fig. 6a Fig. 6

not vary with the value of R. If, therefore, an alternating e.m.f. of
constant amplitude and of frequency w?*=(2LC)~! is maintained be-
tween the terminals A — B, the amplitude of the current through the
L branch is unaffected by the value of R, but its phase is affected. This
is a very valuable property for measurement purposes as we can vary
the phase over 180 deg. without affecting the amplitude.

When we now apply again the j-transformation to the system of
Fig. 6a, Fig. 6b is o btained.

The frequency condition (4) of the former circuit, which can be
written

-1
JolL=——
2jwC
now becomes
Rg’ = 21{1’

and does not depend upon the frequency. The impedance Z'4 5 now
becomes
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Rzl—ij’ i
1g = —Ry. g =—R, g0 (5/)
Rz’—f—]le
where )
tan 6/ =—-. (6"

2

Our circuit of Fig. 6b has therefore the following properties: the
modulus of the impedance of the network between the points A’ and B’
18 the same for all frequencies and does not depend upon the value of L.
The phase however does depend upon the value of L', If we therefore apply
an e.m.f. of any complicated wave form to the terminals A’ B’all the ampli-
tudes of the various harmonic components of the current entering at A’
will be exactly proportionaltothe corresponding amplitudes of the harmon-
ics of the e.m.f. The phases of the currents however are shifted relatively
tothe phases of the e.m.f., and by an amount depending upon the frequency.

The limiting cases can be recognized directly. For a very low fre-
quency the L’ branch forms a short circuit in parallel to the R,
branch. Hence for a very low frequency the impedance Z’4. 5. ap-
proaches —R,’. For a very high frequency on the other hand the
branch L’ (in parallel to the R;’ branch) can be ignored, thus leaving
a total impedance Z'4. 5. = —Ry'+Ry=—R,’+2R,=R,. Thus the
total possible phase change is 180 deg.

AO-'\NV\FI—j Ao’va—]
Ri ‘ R1

B
Z=Jf°(w)
Fig. 7

Several circuits possessing the above properties can be designed.
Some other examples are given in Fig. 7. (By Z=jfo(w) is meant any
impedance consisting of inductances and capacities only.)

For all those circuits having the above property the impedance Z
«can be expressed as _

P L Ol LONS
Je(w) +7fo(w)

where f.(w) and fo(w) represent an even and an odd function of w, res-
pectively, and where
(f o)

(@)

and R represents an ohmic resistance.

—270

tan =
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It may be remarked that the circuits considered are quite dif-
ferent from the circuit of Fig. 8, described by Méller®, where the ampli-

=

]
6’ Esinwt & %{

Fig. 8

tude of the potential between A.B is independent of the frequency of
the source E sin wf, while the phase is also independent. However,
this is only true as long as the internal resistance of the source ¥ sin wt
is zero which is difficult to realize in practice with triodes.

The property described of leaving the amplitudes of all the con-
stituent harmonics untouched but changing only their phases gives
us a means of verifying experimentally the well-known acoustical law
of Ohm which states that our ear perceives from a complicated sound
the amplitudes of the various components only and cannot recog-
nize the phases of those components. Therefore arbitrary changes made
in the phases of the components do not affect our perception of a sound
as long as the amplitudes are left unaltered.

Now in order to test this law the circuit of ¥ig. 9 was used.

—{I]|||||—I.—

|

L

> ﬁii &
% R to Smplificr
and teltphones.

Fig. 9

=
N

The first triode acts as an amplifier, while the second triode is
used as a dynatron providing the negative resistance. This circuit is
essentially equivalent to the circuit of Fig. 10. The current through B

Fig. 10

represents an exact amplitude image (not phase image) of the grid
potential of the first triode. The potential variations across R are the
grid potential variations of the third triode.

$ H. 7. Moller, “Schwingungsaufgaben,” p. 43 (Hirzel: Leipzig 1928).
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If the circuit of Fig. 9 is properly adjusted, the amplitudes of the
various components of the sound spoken in the microphone are unaf-
fected by a change of C, but their phases are affected. If now one
listened to a loud speaker connected to the output side of the ecircuit
of Fig. 9 while someone else spoke into the mierophone set up in a
different room, not the slightest difference could be observed =after a
pronounced change (up to 180 deg. and, with an L inserted in series
with the C, even 360 deg.) of the phases of the components. This fact
was verified by several persons so that the above law of Ohm was found
to be true for phase changes up to 360 deg. Obviously the microphone
and the amplifier produced some phase changes themselves. The fact,
however, that the phases of the higher components could be advanced
as well as retarded makes the above conclusion justified.

N

A48 FE X0 REe e

a9 0 R v a8

Tig. 11

~ For non-periodic sounds such as the spoken language, phase retar-
dation may be conceived of any amount extending beyond 360 deg.
For instance at the receiving end of a long telephone cable the time of
arrival of the higher speech components may be considerably different
from that of the lower components; this relative retardation may
obviously amount to several periods. One cannot expect the ear to be
absolutely insensitive to such long relative retardations, and practice
with cables bears this out.
For periodic sounds (such as vowels) and normal amplitudes,
however, the above experiments conclusively confirm the classical
acoustical law of Ohm, which was also found to be valid for unperiodic
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sounds (the spoken word) as long as the relative phase retardation
between the high and low components was not greater than 360 deg.
of the high components.

Finally oscillograms were taken of various vowels with and without
changes of the relative phases and the curves for the vowel a (the
pronunciation in the Dutch language for the vowel is quite near
that of the English a in the word ‘‘father’’) is given in Fig. 11, where
the bottom oscillogram gives the vowel undistorted while the top one
is phase distorted (fundamental frequency =140 sec.”?). It is curious
to note that though the wave form of the two oscillograms is quite
different there is not the slightest difference audible. This oscillogram
was taken by Mr. Van der Mark of this laboratory, who in another
article describes the technique of these experiments (where also
further instances of vowel oscillograms will be found).

et > @ < G+
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THE ACCURATE TESTING OF AUDIO AMPLIFIERS
IN PRODUCTION*

By
ArtHUR E. THIESSEN
{General Radio Company, Cambridge, Massachusetts)

Summary—The necessity for @ means to obtain a quantitative check on radio
recewers, as they are produced in considerable quantiites, ts becoming more and
more apparent. This paper deals with a method for quickly comparing the voice
frequency amplifying system of receivers, particularly those for use in broadcast
reception, with a predetermined standard.

The test is made on the two most important characteristics of the perfermance
of an audio amplifier, namely the amplification within the band of audio frequencies,
and the undistorted power output that it will deliver.

the modern broadcast receiver, since its performance determines

in large part the quality of output of the receiver. There has
been quite a concentration of effort recently in the development of
satisfactory amplifiers, but no adequate means has been described for
comparing the performance of the amplifiers produced in considerable
quantities with the standard model from which they are made.

It is the purpose of the equipment herein described to provide a
method that permits the rapid and accurate comparison of audio
amplifiers with a fixed and unvarying standard. It is entirely self-
contained, operates from an alternating-current source, and is simple
enough to be operated by an inspector with no special training.

The two most important criteria of the performance of an audio-
frequency amplifier such as is used in a broadeast receiver are its am-
plification—or gain—over the useful range of voice frequencies and
the level at which it will deliver power into its output circuit without
overloading.

THE audio-frequency amplifier has become a very vital part of

DEFINITION OF AMPLIFICATION

Transmission efficiency, of which amplification or gain is one form,
refers to the amount of power transferred across a junction from a
generator to a load impedance. In Fig. 1-A, assume as a reference
condition that the load or output impedance R is connected directly
to the generator. In this case, the generator voltage acts in series with
the generator and load impedances. The transmission efficiency of any
network which may be inserted at the junction between R and R is

* Dewey decimal classification: R342.7.
231
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expressed in terms of the ratio of the power delivered to R; from this
network to the power delivered at the reference condition.

It can be shown that the maximum amount of energy is delivered
across a junction when the generator and load impedances are equal.!
When they are unequal, impedance-matching transformers are em-
ployed to improve the efficiency. An ideal impedance-matching trans-
former, such as is shown in Fig. 1-B, is one in which the apparent im-
pedance of the primary winding is equal to Re when the secondary

Fig. 1A—Junction of a generator and load impedance. Reference
condition for transmission efficiency.

winding is connected to R;. Consequently, the generator delivers to
the primary terminals of the transformer the maximum amount of
power which it can deliver to any circuit. Sinee there is no gain or
loss of power in an ideal transformer, all of this power is transferred
to the secondary load. In other words, the ratio of the power output
to the power input is unity. For the measurement of amplification,
this arrangement is taken as the reference condition. If the ideal

Fig. 1B—Generator and load joined by ideal transformer.

transformer is removed and an amplifier, for example, put in its place,
the input and output impedances of which match Ry and Rz, respective-
ly, some increase in power in R will be noted. The gain of the ampli-
fier is the ratio of the power output measured at R to the power out-
put which would have been obtained with an ideal transformer in
the circuit.

The most direct method of determining the gain on the basis of
the above definition is to measure the output and input powers, the
ratio of these being the gain of the amplifier. This may be expressed
as a logarithmic function in decibels as:

t K. 8. Johnson, “Transmission Circuits for Telephonic Communication,”
(New York: D. Van Nostrand Co., 1925), Chapter II1.
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output power
db=10log —— -
input power

There are several reasons why it is not practical to measure the
gain of an audio amplifier by such a direct method. One is that there
are no wattmeters available which will operate over the frequency
range necessary or at the usual power levels. If the voltmeter-ammeter
method were attempted instead, using, for instance, a thermionic volt-
meter and a thermocouple, the complications resulting from the use
of the additional instruments would be a serious handicap in an in-
strument to be used for production testing. The gain may, however,
be determined by simply measuring the input and output voltages,
provided due account is taken of the impedances across which they
appear.

Referring again to Fig. 1-B, it is apparent that if the input and
output impedances of the ideal transformer, or of the amplifier sub-
stituted in its place, are equal, the ratio of the power output to
power input is equal to the square root of the voltage ratios. That is:

Poyr Ep? E»

=10 log —=20 log — -
IN E¢? Eq

db=10log

Usually, however, amplifiers do not have the same input and cutput
impedances, and so if the gain, or increase in power level, is to be found
by simple voltage measurements, a correction must be included to
take care of the difference of impedances across which the valtages
are measured.
In Fig. 1-B, let
Py =power into the network
Poyr =power out of the network
Eg=generator voltages
Ep=voltage across primary of ideal transformer
Rg=generator resistance
Ep=voltage across secondary and load
R =load resistance
The ideal transformer, by definition, has primary and secondary
impedances which mateh Rg and Ry, respectively.
Then

1
Ep='—2—EG

Ep2 Eg?
IN=

Re 4R
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E?
Poyr=
L
Since no power is gained or lost
PIN =F)OUT
Ep? E.?
Re R
thus
EvL2 RL
Er* Re
EL Ry
Ep Re
E. Re
—X A/ —=1.
Ep R,

If the input and output impedances are matched, the ratio of
E./Epis unity. If they are not matched, then the ratio E;/Ep must
be multiplied by /R¢/R 1, in order to return to the reference condition.

For working between mateched impedances the gain of an ampli-
fier, referred to an ideal transformer, is

E.
db=20log — -
Eq

For mis-matched impedances, multiplying by /Re¢/R 1,
E. e
db=20 log —_E'_+2O log v/ Re¢/RL
R

Rg

Er
db =20 log ——+10 log 1)
Ep

L

Thus, by using the correction to be applied as indicated by the
last equation, it is entirely practicable to measure relative power lev-
els by observing only relative voltages.

A serious difficulty encountered in measuring the gain of the aver-
age audio-requency amplifier is the extremely low level of power or
voltage at the input. Fig. 2 shows one simple and well-known way to
measure gain, in which the necessity of measuring the very small
power at the input to the amplifier is avoided. A resistance of proper
value has been substituted in place of the loud speaker load in
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order that its characteristics shall not enter into the measurements.
An attenuation network which is variable in known steps and which
has a constant terminal impedance at all values of loss is inserted
between the amplifier and the oscillator or power source. This attenua-
tion network and the load resistance have values such that the ampli-
fier input and output impedances are properly matched. When the
power into the network is equal to the power at the output of the am-
plifier, the loss caused by the network is numerically equal to the gain
of the amplifier. This is the method used for gain measuring with the
test equipment described in this paper. It will be noticed that instead
of attempting to measure the power directly, the voltages across the
known input and output resistances are used for the indication. By
use of a vacuum-tube voltmeter it is possible to do this without dis-
turbing the circuit in any way.

The impedance Z of Fig. 2 has a value that matches the input
impedance of the attenuator. If, then, the voltage across the actual
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Fig. 2—Simple method of measuring amplifier gain,

generator is maintained constant, the effect is the same as though the
attenuator were connected to its own impedance in series with a zero
impedance generator, having the measured voltage across its out-
put terminals. This allows for perfect matching between the generator
and the attenuation network. This assumption is shown to be true by
Thevenin’s theorem. This states that an electromotive force acting
through any network will produce the same current in any terminal
impedance to which the network is connected as will a voltage equal
to the open circuit voltage of the network, acting in series with an im-
pedance equal to that measured at the output terminals of the network.

As it has become customary to speak of the gain or loss of a net-
work in terms of decibels, it is convenient to calibrate the attenuation
network of Fig. 2 in this way.

When the input voltage to the attenuator is equal to the output
voltage of the amplifier, the attenuator loss equals the amplifier gain
in decibels provided that the input and output terminal impedances
are equal. When the impedances are not matched, the correction
factor involving the impedances indicated by (1) must be considered.
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COMPARISON OF AMPLIFIERS

Referring again to Fig. 2, assume that an amplifier which is known
to be standard is put into the circuit. By proper adjustment of the
attenuator, a certain voltage reading will be observed across the out-
put load which is the same as the input voltage to the attenuator. The
standard amplifier is now removed and another amplifier whose gain
is unknown is put in its place, absolutely no other changes being made
in the circuit adjustments. If the output voltmeter reads the same as
it did with the standard amplifier, then the gain of the second ampli-
fier is definitely known to be equal to the gain of the standard.

When it is necessary or desirable, as is usually the case, to measure
the gain of the amplifiers at several different frequencies, a slight mod-
ification of the scheme is necessary in that the oscillator must deliver
a number of frequencies at the same voltage. Since the gain is prob-
ably not the same at each of these, the reading of the output volt-
meter will be different for every frequency.

Speed, which means a lack of complication in operating, is one of
the most important features of this instrument. It was noted above
that if an amplifier is measured at several widely separated frequencies,
its gain will probably not be the same at all of them. If the value of
loss in the attenuator is changed simultaneously with the frequency
by an amount equal to the change in the gain of the amplifier, then
the power transferred from the generator to the amplifier output load
through the attenuator and amplifier will be the same at all of the
testing frequencies. This, of course, means that there will be no change
of the output voltmeter reading at any frequency setting of the genera-
tor.

For the measurement of the audio amplifier in broadcast receivers,
for example, several frequencies extending from 50 cycles to 5,000
cycles are selected. The gain of the standard amplifier is found at each
of these. The attenuator which is made variable is ganged by a com-
mon switch to the frequency control. The attenuation values are set
at each of the selected frequencies to be the same as the amplification
of the standard at these frequencies. Then all that is necessary is
to insert the amplifier to be tested in the circuit and to turn the switch
which varies simultaneously the frequency and the attenuator loss.
By observing whether or not the output voltmeter deviates from a
fixed standard reading, it may be immediately determined whether
or not the tested amplifier has the same gain-frequency characteris-
tics as the standard. These networks which compensate for the change
in amplifier gain have been given the name of ‘‘compensation net-
works.”’
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The operation is thus reduced to such simplicity that it may be
performed by anyone with no special training whatever.

It is, of course, not necessary to restrict the apparatus to the mea-
surement of only one type of amplifier. The compensation networks
may be made interchangeable for the purpose of testing any ampli-
fiers having gains which vary within wide limits, provided only that
a standard of comparison is available.

It will be noted that the instrument is not intended to actually
measure the gain of audio-frequency amplifiers, but is used to com-
pare the gain-frequency curves of a number of amplifiers with a
known and unvarying standard. This is the aim of production testing,
to determine by a quantitative method how closely the produet of
manufacture compares with the engineering model from which it is
constructed.

INPUT ouTPUT
AT TENUATION AMPLIFIER AT TENUATION
2 e—m—mee N ey k|

WA AAT—O o ¢ :

e j4

1 < I

1 > [} ]

! 3 [ |/1'

i 3 | 3

| { |

t +—10 o t
J

@ '.)
Fig. 3—Method used to determine overload level of amplifier.
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DerErMINATION OF OVERLOAD LEVEL

Once the gain of a given amplifier is determined, it is usually im-
portant to know whether or not it will deliver the required amount
of power to the output load without overloading and consequent dis-
tortion.

The method chosen for determining the overload level of the am-
plifier under test is shown schematically in Fig. 3.

The oscillator voltage is applied in this case to the amplifier
through a network which introduces a known loss. This loss is variable
in small steps so that a constantly increasing power is applied to the
input of the amplifier as the attenuation of the network is reduced,
provided that the oscillator voltage remains constant. Until the over-
load level is reached, increases in the input power should produce
proportional increases in the output power. For simplicity, so that
the meter reading of the output voltage of the amplifier shall not
fluctuate with changes in the adjustment of the input network,another
variable network is inserted between the amplifier output and the
voltmeter. This need only be a potentiometer with a resistance equal
to the impedance into which the amplifier is intended to work, tapped
so that each step will change the voltage into the meter by the same
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amount, but in the opposite direction, as the voltage applied to the
amplifier through the attenuator.

The circuit is arranged so that as attenuation is removed between
the generator and the amplifier the same amount of attenuation is
inserted between the amplifier and the output voltmeter. Thus by
turning one switch, the power to the amplifier is increased in uniform
amounts with each step, with no change in the voltage read on the
output meter until the overload level is reached. At this point, the
amplifier no longer delivers power in proportion to the input power and
the reading of the voltmeter begins to drop. The curve of Fig. 4
shows the order of magnitude of this drop. The ratio of power out-
put to power input of an average two-stage amplifier with a UX-245
tube in the last stage is plotted against output power.
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Fig. 4—Curve showing ratio of eutput to input power plotted against power
output of a two-stage audio amplifier. One UX-245 used as output tube.

This method of measuring the overload level is a remarkably sen-
sitive and simple operation. The attenuators are calibrated in dec-
ibels. The reading at which overload occurs indicates the power level
in decibels above the reference power level. This may be selected at
any value, for example, the I.R.E. reference standard of 50 milliwatts.

The arrangement of all of the essential circuit elements for the
complete checking of audio amplifiers as regards their gain-frequency
and overload characteristics is'shown in Fig. 5.

For the sake of simplicity in this figure, the impedances of all of
the networks and the amplifier input are assumed to be matched. It
is not, however, always convenient to do this. When it is necessary
to connect two mis-matched networks together so that each has its
proper terminating impedance, a special type of network is used. This
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is called an impedance tapering network or ‘‘taper pad,” and consists
simply of an L type network with the horizontal arm pointing in the
direction of the largest impedance. Such a network always introduces
some loss in the cireuit which must be taken into account when cal-
culating the total losses of all of the networks.

Since the impedance matching, the compensation, and the over-
load testing networks are used in series, the total of their attenuations
must be made equal to the amplifier gain. The graph below the dia-
gram in Fig. 5 indicates the power level at the various points in the
circuit.

Leads to the voltmeter are provided across the oscillator output
in order that the oscillator amplitude may be set to the correct ref-
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Fig. 5—Schematic diagram showing essential units for determining boith gain-
frequency and overload characteristics of amplifiers.

erence value at each frequency, and that it may be occasionally
checked during operation to make certain that no change has oceurred.

There are two main controls brought out on the panel of the equip-
ment. One is to make the gain-frequency test, the other for the deter-
mination of the overload level.

In testing an amplifier under working conditions, it is only neces-
sary to connect it to the test equipment with a pair of flexible leads.
With the overload-level switch set at zero, the gain test is made at
each of the frequencies. The next step is to set the frequency-control
switch at any frequency and to advance the overload-level switch
until the voltmeter reading begins to drop. The setting of the switch
where this oceurs indicates in decibels the overload level of the am-
plifier above the reference level. The overload level of the standard
amplifier is known, thus the one being tested can immediately be
classified for overload rating with the standard for comparison,
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When made in production quantities, amplifiers cannot, unless
constructed with extreme care, be made to have exactly the same gain-
frequency curve as the standard. Whatever tolerance is to be allowed
may be indicated on the scale of the output voltmeter.

VacuuM-TUBE VOLTMETER

The cireuit of the alternating-current operated vacuum-tube volt-
meter used in this equipment is shown in Fig. 6. The grid bias is
variable and is obtained from a section of the voltage divider. It is
of sufficient value to make the tube operate on the lower section of
its grid-voltage, plate-current curve where it acts as an efficient detec-
tor. The small residual plate current is balanced out by an opposing
current also taken from the voltage divider. This permits the use
of an ammeter reading from 0 to 200 ua for the indicator which is

UX-240

AAA.

L . . 150Y FROM
B ELIMINATOR

MICRO -
AMMETER

VWWWWWWY

Q+——INPUT

 E—

_SUAC.
Fig. 6—Circuit of vacuum-tube voltmeter used.

exceedingly responsive to the incremental changes in plate current
resulting from small changes of the grid potential. The microammeter
is set at zero by adjusting the variable grid-bias potential. Since this
voltmeter is only used to indicate deviations from a standard reading,
it does not have to be calibrated. With an average UX-240 tube in
the circuit, the microammeter reads full scale with approximately
two volts r.m.s. applied to the grid.

CoMPLETE EQUIPMENT

A number of these instruments have been made for the Audio Vision
Appliance Company for checking the audio-amplifying system of the
Victor-Radio receivers. Fig. 7 shows the front and rear views of one
of the completed panels.

The large hand-wheel at the left of the front panel is used for the
test of the frequency-gain characteristics. This switch has three sep-
arate sections. One to bring the necessary oscillator coils and capac-
ities into the circuit for the several frequencies; the second to change
the value of feed-back resistances in order to maintain the amplitude
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of oscillation constant; and the third to change the attenuations of
the compensation networks by the same amount as the gain of the
standard amplifier changes over the frequency band. The central
hand-wheel controls the values of the networks for the determination
of the overload level. It is calibrated from 0-20 db so that the value
of overload above the reference level, as indicated by the decrease in
voltmeter reading, can be found at any point within this range.
The circuit diagram of this panel, Fig. 8, indicates the details of
the wiring. The lower half shows the connections to the multiple

Tig. 7-A—TFront view of a complete testing panel used by the Audio Vision
Appliance Company of Camden, N. J.

switches which operate from the two hand-wheels on the front panel.
On the upper half of the drawing is indicated the oscillator tube which
is directly coupled to an amplifier tube. The output of this circuit
is coupled by means of a transformer to the networks in the lower
section. The UX-240 tube is used in the vacuum-tube voltmeter
circuit. It is provided with a switch on its input so that it may be
transferred from the output of the amplifier under test to the oscil-
lator output whenever necessary. At the upper right-hand of the
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diagram is the power-supply unit with the familiar standard “B-elimi-
nator’’ cireuit.

CoNcLUSION
The performance of this instrument has been found to be very
satisfactory under actual operating conditions. The speed of operation
is remarkably high, something less than two minutes being required
for the complete testing of the gain-frequency and overload-level
characteristics of an amplifier. Because of its flexibility and the ease
with which the various networks may be made interchangeable, the

S

Fig. 7-B—Rear view of a complete testing panel used by the Audio Vision
Appliance Company of Camden, N. J.

instrument is adapted for use in plants manufacturing a fairly large

variety of amplifiers, as well as in plants where the output is restricted

to but one type.
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A STUDY OF NOISE IN VACUUM TUBES
AND ATTACHED CIRCUITS*

By

F. B. LLEWELLYN
(Bell Telephone Laboratories, New York, N. Y.)

Summary—The noises originating tn vacuum tubes and the attached crcuits
are wnvestigated theoretically and experimentally under three headings: (1) shot
effect with space charge, (2) thermal agitation of electricity in conductors, (3) noise
from tons and secondary electrons produced within the tube.

A theoretical explanation of the shot effect in the presence of space charge is
given which agrees with experiment tnsofar as a direct determination is possible.
It is shown that the tubes used should be capable of operating at full temperature
saturation of the filament in order to reduce the shot effect.

In the computation of the thermal noise originating on the plate stde of a vacuum
tube, the internal plate reststance of the tube s to be regarded as having the same
temperature as the filament.

Noise produced by ions within the tube increases as the grid is made more
negative.

With tubes properly destgned to operate at temperature saturation it is passible
to reduce the notse on the plate side to such an extent that the high impedance
ctrcusts employed on the grid side of the first tube of a high gain receiving system
contribute practically all of the notse by virtue of the thermal agitation phenomenon.

INTRODUCTORY

T has long been realized that there is a limit to the amount of am-
plification which may usefully be employed in a circuit containing
vacuum tubes, and that in the absence of static this limit depends

upon noises which arise in the circuit itself. Of these noises, those
which come from run-down batteries, poor connections, vibration, and
microphonic effects, either within the vacuum tubes or in some part
of the external circuit, will not be discussed here since their remedy,
although not always easy, is obvious. With these eliminated from con-
sideration, there remain several distinet ways in which noise occurs in
the circuit.

In the first way noise is produced by irregularities in the stream of
electrons from the filament to the plate of the vacuum tube. In the
absence of space charge this noise has been termed by Schottky the
“schroteffckt,” or “small shot effect,” from the analogy which the flight
of electrons from the filament to the plate of a vacuum tube bears to
the spattering of small shot fired from a shot gun. Thesimple term
“shot effect” will be used in this paper to denote this noise either with
or without space charge.

* Dewey decimal classification: R170.
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244 Llewellyn: Notse in Vacuum Tubes and Attached Circuits

In the second way noise is produced by the thermal agitation of
electric charges within the conductors of the circuit. This noise is dis-
cussed from a theoretical viewpoint in a paper by Dr. H. Nyquist! and
from an experimental standpoint in a paper by its discoverer, Dr. J.
B. Johnson.? In Part IT of the present paper the importance of this
noise, which will be termed “thermal noise,” in high-frequency radio
receiving circuit design will be discussed.

In still other ways, noise may be produced by agencies operating
within the tube, such as the ionization of gas molecules, the production
of secondary electrons and ions by bombardment of the grid or the
plate, and by evaporation of ions from the filament. These and similar
agencies may conveniently be grouped in a third general source of
noise within vacuum tubes and their associated circuits, which will be
discussed in Part II1.

Part I

SuoT EFFECcT

For the theory of the shot effect in the absence of space charge the
reader is referred to a paper by Dr. T. C. Fry.® A partial picture of its
mechanism may be obtained by considering what happens when a sin-
gle electron is transferred from the filament to the plate of the vacuum
tube. Since the time of flight of the electron is brief in comparison with
the periods even of the highest of the frequencies with which we have
at present to deal, the effect of the electron on the circuit is equivalent
to that of suddenly placing a charge, ¢, equal to the charge of the elec-
tron, on the plate. This charge is dissipated in the circuit, producing
current in the ordinary manner. The total space current is the result-
ant of all the currents produced individually by the electrons as they
arrive at the plate.

If the electrons were to arrive in a uniform stream, that is, if the
time between successive electron arrivals were a constant, then the
resulting space current could be represented by a Fourier’s series, of
which the constant term would represent the average value of the
space current. Moreover, the term representing the fundamental fre-
quency would have a period equal to the time between successive elec-
tron arrivals so that the lowest frequency present in the resulting current
would be that corresponding to the total number of electrons which arrive
per second. Such a frequency is far greater than any to which present
day radio apparatus is responsive. It is, therefore, apparent that in

! “Thermal agitation of electric charge in conductors,” Phys. Rev., 32, (110)
1928" “Thermal agitation of electricity in conductors,” Phys. Rev., 32, (97), 1928.

3 “The theory of the schroteffekt,” Jour. of the Franklin Inst., 199, No. 2
February, 1925.
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order for irregularities to become manifest, it is necessary that they oc-
cur in the rate of arrival of the electrons. The stream constituting the
space current may be pictured as a moving fluid, of gaseous nature, but
of varying density. The effect of the variations on the measuring or the
recording device, which in speech receivers is ultimately the human
ear, is limited to those frequencies to which the complete system, in-
cluding the measuring device, is responsive.

The theory of the shot effect has been investigated experimentally
by several workers.* This theory is not, however, directly applicable
to radio tube circuit use. The theory is based upon lack of space charge,
and only so long as a vacuum tube is operated under such conditions
can the noise be thus computed.

In practice the vacuum tube requires the presence of space chargein
order to function properly as an amplifier or a detector. Under these
conditions Fry's formula does not hold. Johnson showed that as the
filament current is increased from zero the noise at first increases
rapidly as predicted by Fry’s formula; next, however, it goes through a
maximum as the space charge comes into play, and then decreases to a
value which is nearly independent of filament current. It is in the last
named region that vacuum tubes are usually operated.

To see why the noise decreases in the presence of space charge it is
necessary to review the assumptions underlying Fry’s formula. First,
it is assumed that the electrons are emitted from the filament independ-
ently of one another. By means of this assumption the effect of the
variation in the rate of electron emission can be calculated. Secondly,
it is assumed that all electrons emitted by the filament are drawn over
to the plate, and consequently that variations in the filament emission
are transferred to the plate without change.

The presence of space charge obviously does not affect the first as-
sumption. The filament continues to emit electrons in a manner de-
pendent upon its temperature. The second agsumption, however, does
not hold when space charge comes into play. In fact, if a curve be
drawn showing the relation between filament temperature and rate of
arrival of electrons on the plate (see Fig. 1) it becomes evident that at
the higher temperatures a lower percentage of the emitted electrons
reach the plate. To the right of the point A in Fig. 1 a change in
filament emission, resulting from a change in filament temperature,
produces no change in the rate of arrival of electrons at the plate.
Since the shot effect has beer shown to result from changes in the den-

¢ J. B. Johnson, “The Schottky effect in low frequency circuits,” Phys. Rev.
26, No. 1, July, 1925,

*A. W. Hull and N. H. Williams, Science, p. 100, Aug. 1, 1924; Phys.,
Rev., 25, 147, February, 1925.
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sity of the electron stream from filament to plate it may be inferred
that when the filament has reached full temperature saturation, as
shown by the flat portion of the curve to the right of the point A
then small fluctuations in the density of the stream emitted by the fila-
ment are all smoothed out in the space charge region, and the current
reaching the plate contains no variations which result from changes in
the filament emission. Shot effect, as such,is zero tn the region of tempera-
ture saturation of the filament.

1

SPACE CURRENT-I

FILAMENT TEMPERATURE-T

Fig. 1—Variation of space current with filament temperature.

The mathematical formulation for this effect, together with compu-
tation formulas for the shot effect at various degrees of partial tem-
perature saturation is given in Notes 1 and 2, to be found at the end of
the present paper. Difficulties inherent in obtaining complete experi-
mental verification are discussed in Part IV.

The first requirement for a noiseless circuit is thus scen to be that
the vacuum tubes employed contain filaments capable of operating at
full temperature saturation, so that the shot effect noise is reduced to
zero. The remaining noises must then come from ionization of gas with-
in the tube, from the production of secondary electrons or ions, or from
thermal agitation of electricity. This latter effect predominates in
high vacuum tubes, and is discussed in the following paragraphs.

Part II
TueErMAL NOISE

The noise which arises from the thermal agitation of electricity in
conductors is of such recent discovery, and may prove to have such im-
portant consequences that a general description of it is given here,
even though it entails some repetition of what already has been pub-
lished by Drs. Johnson? and Nyquist.! The phenomenon is described
in the words of Johnson as follows:
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“The electric charges in a conductor are found to be in a state of
thermal agitation, in thermodynamic equilibrium with the heat motion
of the atoms of the conductor. The manifestation of the phenomenen is a
fluctuation of potential difference hetween the terminals of the conductor
which can be measured by suitable instruments.”

In radio-frequency receiving systems a tuned input circuit is usu-
ally connected to the grid of the first vacuum tube. Together with the
heat motion of the atoms within the conduectors which compose this
circuit, the electric charges within the conductors are in a state of ther-
mal agitation.* This agitation causes energy to be transferred to and
fro between the various parts of the circuit. Although the resultant
energy is always a constant, the haphazard surging of charges causes
small varying potential differences to appear between any two points
located on the conductors of the circuit. These potential variations are
amplified and cause a dissipation of energy in a receiving or measur-
ing device located at the terminus of the amplifier. The frequencies
present in the measuring device are determined by the frequency char-
acteristics of the receiving system in a way analogous to that in which
the frequencies characteristic of shot effect or of long range static de-
pend upon the circuits in which the effects act rather than upon fre-
quencies inherent in the effects themselves. The thermal agitation of
charges in conductors will then yield a steady hiss type of sound simi-
lar to long range static and to the shot effect.

E | VACUUM

T | TUBE VOLTMETER

| - =

li\ = AMPLIFIER %z

== ' -
-4

P
l——————VOLTAGE AMPLIFICATION-G

Fig. 2—Circuit to illustrate method of detecting or measuring noise frem the
thermal agitation of electricity in conductors.

In the system shown in Fig. 2, varying potential differences across
the grid of the first tube are produced by thermal agitation of charges
within the conductors of the input circuit. These varying potential dif-
ferences are amplified by the system and produce an energy dissipa-
tion in the measuring device or receiver at the end of the diagram.
The mean square voltage across the measuring device is given by the
expression, developed by Nyquist:

* Whether or not Maxwellian equilibrium exists between the motions of

atoms and electrons, the resulting voltage fluctuations are calculable from the
thermal agitations of the atoms alone, at the atomic temperature.
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_ 2 »
E2=—ka R| G |?dw (1)
™ 0

where
k= Boltzmann’s constant
=1.372X107% joules per degree

T =temperature, degrees Kelvin

R =resistance component of the impedance
measured across the input circuit.

G'=gain of the amplifier attached to the circuit,
i.e., the ratio of E; to E, (see Fig. 2).

This expression shows that, with a given band width in the ampli-
fier, the effect depends only upon the resistive component of the input
circuit impedance and upon the absolute temperature of that circuit.
Thus, if all other noises in the amplifier were eliminated, this effect
would represent a limit beyond which further reduction of noise is im-
possible, since the material composing the input eircuit has absolutely
no influence either upon the character or magnitude of the noise.

For amplifiers employed in radio, it is possible to design tubes such
that the level of the noise produced by the high-impedance circuit on
the grid side is raised by the amplification of the tube to a point where
it masks the noise produced on the plate side. However, it is important
to investigate the noise on the plate side in order to determine the am-
plification necessary to bring about this result, and also in order to
deal with those special cases where it may be desirable to operate the
high gain amplifier from a low-impedance input circuit. Suppose, then,
that the system shown in Fig. 2 is operated with the grid of the first
tube effectively short-circuited to ground for the radio frequencies.
Thermal noise from the grid side of that tube is thus eliminated. Also
suppose that the filament of the first tube operates at full temperature
saturation so that there is no shot effect noise. Experiment shows that
under these circumstances a considerable amount of noise still arises
in the first tube and its circuits. This residual noise is mostly thermal
noise from the resistive component of the impedance measured across
from plate to ground of the first tube. This impedance includes the
internal resistance of the vacuum tube, and brings forth the following
question:

What is the effective temperature as regards producton of thermal
noise of the internal plate resistance of a vacuum tube?

This question is discussed in Note 3, where it is shown that the plate
resistance must be taken at the filament, or cathode, temperature.
Since this temperature ranges between 1000 degrees Kelvin and 2000
degrees Kelvin for the tubes in general use today, it is evident that a
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fairly large portion of the noise may be contributed by the plate resis-
tance. Equation (1) gives the mean square value of the thermal e.m f.
resulting from a single resistance. From this it is easy to deduee, (see
Note 4), that the mean square e.m.f. resulting from the plate resistance
at filament temperature in paralle]l with an external impedance at
room temperature Ty and having a phase angle whose tangent is ¢,

is given by: _9%kT © b(l+o?)+1

T — of R<a(_+i>l G |2(lw (2)
0 (1+0b)2 409

where

R =resistive component of external impedance.
b=ratio of external resistance R to internal tube resistance, 7.
a =ratio of cathode temperature to room temperature.
T,=room temperature, Kelvin.
¢=X/R, where X is the reactive component of the
external impedance.
G = gain of that portion of the amplifier which follows
" the tube under measurement.
For the important case where the external impedance is resistive,
only, so that ¢ =0, equation (2) may be written in the simpler form:

_9kTy £* /ab+1
T (L) ¢ o, 3
= fg : ((1+b)2>| e ®

The form of this equation for the thermal noise from a tube is shown
graphicallyby the solid line curves of Fig.3,where the values of b= /T
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Fig. 3—Noise from thermal agitation in the plate circuit when the plate re-
sistance is varied. The various curves are for different values of filament
temperature. 1+4ab

Noise Energy «

(1+4-b)? .
where a=ratio of filament to room temperature,’d=R/r,=ratio of circuit
resistance to tube resistance.
The dotted curves are from experimental data.
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are plotted as abscissas, and of noise energy as ordinates. A separate
curve is shown for each of several values of filament temperature rang-
ing fromn room temperature to seventeen times that temperature. Or-
dinary tubes should show thermal noise values lying between the iso-
thermals for three and seven times room temperature.

Actually, as shown by experiments described in Part IV, and illus-
trated by the dotted curves on Fig. 3, the tubes gave values lying con-
siderably above the computed curves, even when it was ascertained
that the contribution of shot effect, as described in Part I, was neg-
ligible. This residual noise is ascribed to ions and to the emission of
secondaries from the grid, screen, or plate, as a result of bombardment
by the primary electrons. Part III is devoted to a discussion of such
effects.

Part I1I

NoistE PrRopUcED By JONIZATION AND SECONDARY BEFFECTS

In general, this type of noise is responsible for the difference be-
tween the thermal noise and the total noise under the desired condi-
tion that the filaments of the tubes operate at temperature saturation.
A direct calculation or measurement of the effect of the several possible
contributing agencies has never been made, and there will be attempted
here only a short discussion of the more obvious contributing agencies.

The general theory of shot effect and of thermal noise takes ac-
count of all noise produced by the random emission of electrons from
the filament and from their random movements in thermal agitation.
Moreover, if the filament operates at temperature saturation, any kind
of variation which may occur in the rate of emission from the filament
produces no effect upon the space current. However, in actual opera-
tion, many electrons and positive ions are produced in the space charge
region by collisions with gas molecules in the tube or by bombardment
of the plate or grid.

Electrons produced in such a manner by ionization of the gasin the
tube or by bombardment of the grid are drawn to the plate and pro-
duce noise in a manner similar to those electrons emitted by the fila-
ment when there is no space charge. It is therefore possible to form a
rough estimate of the probable magnitude of the noise from the elec-
trons from gas ionizations on the basis of plausible assumptions and
the shot effect formula. Such an estimate indicates that in rather ex-
treme cases, such as when the plate resistance is quite high and the gas
pressure within the tube somewhat above normal, the noise from the
ionization electrons may amount to a noticeablefraction of the thermal
noise. Under ordinary conditions, however, noise from these electrons
should be negligible.
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When the positive ions which result from the ionization of gas or
from bombardment of the electrodes are considered, the result is quite
different. Instead of being drawn off by the plate, these are attracted
into the space-charge region where small disturbances in equilibrium
cause comparatively large changes in the space current. It is therefore
to be expected that nearly all of the residual noise in vacuum tubes may
be attributed to disturbances set up in the space-charge region by the
entrance of positive ions liberated either from gas molecules, from bom-
bardment of the elements, or by recombination of electrons in the
space-charge region with ions evaporated from the filament itself.

Certain data to be discussed in the following section indicate that
the plate is the most fruitful source of these disturbing ions, or at least
that ions from the plate exert a more significant effect upon the noise
than do those from filament or grid, but a much more searching in-
vestigation than was here attempted will be necessary before the exact
role played by ions and secondary electrons in noise production may be
determined.

Thus far, neither experiment nor theory has been successful in
isolating the ionization and secondary effects enumerated above. It is
therefore impossible to say that all of the noise sources have been in-
cluded in this discussion. Nevertheless, the difference between the
measured noise and the noise from thermal agitation and residual shot
effect is of the probable order of magnitude of these effects, and no
other sources of sufficient importance to warrant consideration have
thus far been discovered. For the present, then, we turn our attention
to the experimental results which show the comparative importance of
the several effects, and demonstrate how they vary under different
conditions of operation.

Part IV

EXPERIMENTAL RESULTS

In the introduction, noise sources discussed in the foregoing para-
graphs were grouped under the three general headings:

1. Shot effect

2. Thermal agitation

3. Tons and secondary electrons

The scope of the first two groups is fairly well defined, and at high
frequencies magnitudes may be estimated for the ideal case from the
theoretical formulas given in the notes at the end of this paper. The
third heading presents more difficulties, especially in the assignment
of the relative importance of the several agencies which produce second-
aries. The measurements to be described deal with noise produced on
the plate side of the tube, since the noise produced on the grid side,
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in the absence of direct grid current, results entirely from thermal agita-
tion, and has been discussed experimentally by Johnson.! In the ex-
perimental investigation of noise produced on the plate side, care was
taken to keep the impedance between grid and ground so low that noise
on the grid side might be neglected.

An amplifier with a voltage amplification of a millionfold was em-
ployed. This amplifier terminated in a vacuum-tube voltmeter, of the
“negative C” type, which was operated only in the region where its
response curve followed a square law to within ten per cent. The mean
square noise voltage on the grid of the voltmeter was thus directly pro-
portional to the deflection of the meter.

Two types of amplifiers were used. The first was a straight radio-
frequency amplifier employing screen-grid tubes, with which measure-
ments could be made over a range of frequencies from 700 to 1500 ke.
The band width of this amplifier was about 4000 cycles. The other
amplifier consisted of two stages of high-frequency amplification
covering a frequency range from 2 to 20 megacycles, which was followed
by a heterodyne oscillator-detector and a 300-ke, intermediate-
frequency amplifier, with a band width of approximately 12,000 cycles.
Screen-grid tubes were employed in both the high and intermediate-
frequency stages.

Both amplifiers were carefully shielded against outside influences,
and against “pickup” of the amplified noise from the latter stages, which,
it was found, could become troublesome. The final measurements were
made in a completely shielded room.

In order to avoid the necessity of determining the amplification of
the amplifiers with each set of data the thermal noise from an anti-
resonant circuit of known characteristics was used as a reference. Large
error incident to a measurement of the large amplification at high fre-
quencies was thus eliminated.

The two amplifiers were used to check the various noise sources
until it was determined that nothing in the range covered, 700 ke to 20
megacycles, depended upon the frequency. Some preliminary work
showed that at 300 ke the results were still in line with those at the
higher frequencies.

It may be concluded that no source of noise not included in the
theoretical discussion in Parts I, IT, and III, and which depends upon
frequency, is present in appreciable amount between 300 and 20,000
ke, although Johnson* has shown that at low frequencies, and especially
below 1 ke, the frequency becomes effective in determining the noise.
This he ascribes to time changes of the activity of the filament or to the
behavior of the factor 8I/8J (see Note 1) at low frequencies. For radio
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frequencies these effects disappear with full temperature saturation of
the filament, and hence above 10 ke the frequency at which the meas-
urements are made is of no consequence when the full space-charge
condition of temperature saturation holds. This statement would be
expected to apply even in the region of very high frequencies above 40
megacycles discussed by Ballantine,® with the exception that second-
aries from the grid may be expected to produce somewhat less noise
when the time consumed in their passage to the plate is comparable
with the time of a cycle of the frequency under measurement.

With the question of frequency disposed of, we may investigate the
effect of the tube upon the noise by means of the arrangement shown in
Fig. 4. In this connection the noise from the tube and the anti-reso-

3 — VACUUM
‘ TUBE VOLTMETER
AMPLIFIER :g«)
P

Fig. 4—Circuit for measuring noise on the plate side of a vacuum tube.

E:
="

nant circuit is measured as the filament temperature of the tube is
gradually raised.

An example of the kind of result to be expected from such a proce-
dure is given in Fig. 5-a, where the abscissas represent the power
expended in heating the filament and the ordinates represent the result-
ing noise energies. When the filament is cold, the measured noise is
that from the anti-resonant circuit alone. As the filament is heated so
that electron emission commences, the noise curve mounts rapidly be-
cause of the shot effect. However, the space charge soon comes into
play and causes the noise curve to bend over, while at the same time the
lowered resistance of the vacuum tube contributes still further to the
bending over of the noise curve.

The characteristic behavior of only the shot-effect component of the
noise is shown in Fig. 5-b. The noise starts up along a curve propor-
tional to the space current. Somewhere near the point A in the figure,
the space charge begins to show its influence and the curve accordingly
bends over toward the right. When the full space-charge condition has
been reached, so that a change in filament emission does not change the
space current, the pure shot-effect noise falls to zero, as shown at
the point B in the figure.

¢ “Schrot-effect in high frequency circuits,” Jour. Franklin Inst., 126, No. 2,
p. 159.
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Meanwhile, there are t wo separate agencies operating on the part of
the noise that comes from the thermal effect. First, the reduction in the
plate resistance decreases the impedance between the plate and filament
and so tends to reduce the noise, while secondly, the increase in the fila-
ment temperature produces a corresponding increase in the effective
temperature of the plate resistance which tends to increase the noise.
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¥ig. 5-a—Total noise energy from ideal tube with no ions and
secondaries as a function of filament heating power.

Fig. 5-b—Noise energy from shot effect only as a function
of filament heating power.

Fig. 5-c—Noise energy from thermal agitation only
as a function of filament heating power.

The form of only the thermal noise curve is shown in Fig. 5-c.
When the filament is cold the noise is taken as unity, so that the noise
energy scale refers to the noise from the resistive component of the
circuit impedance external to the vacuum tube. As the filament is pro-
gressively made hotter, the corresponding increase in temperature of
the plate resistance at first produces an effect which preponderates over
the decrease in the impedance produced by the decreasing value of the
plate resistance. The noise curve accordingly rises somewhat above the
unity value of the external circuit alone. The decreasing value of the
plate resistance finally shows its influence by decreasing the noise, so
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that in tubes with low plate resistances the thermal noise with the
filament hot may actually be less than with the filament cold.

Figs. 6 and 7 show these effects as calculated from experimental
data. The dotted curve B represents the thermal noise as calculated by
the method outlined in Part IT and illustrated in Fig. 3. The dash line
curve C shows the caleulated shot-effect noise, while the solid line curve
D isthe sum of the ealculated shot and thermal noises, and should there-
fore equal the measured noise in an ideal case where the effect of sec-
ondaries and ions is zero. Actually, the measured noise as shown by
curve 4 fell below the calculated noise in the shot effect region. The
reason for this must be looked for in the method of ealculating the shot
effect.

NQISE ENERGY

FILAMENT HEATING POWER-WATTS

Fig. 6—Variation of noise with filament heating power for a three-electrode
tube with tungsten filament.
Curve A shows the total measured noise.
Curve B shows the calculated thermal noise.
Curve C shows the calculated shot noise.
Curve D=B+C, shows the calculated thermal and shot noise.

Such a calculation involves a determination of the saturation cur-
rent from the filament, and also of the rate of change of the actual
space current with saturation current. A small error in the determina-
tion of the saturation current may therefore be expected to produce a
very large error in the computed result, and this was found to be the
case. The difficulties inherent in the measurement of the saturation
current result primarily from two causes, although other things such as
end cooling of the filament, occluded gases, and the potential drop a-
long the filament also complicate the problem.

The first of the primary difficulties is the Schottky variation of
saturation current with the applied electric field. The theory requires
the evaluation of the saturation current at the operating plate poten-
tial. Therefore the attempt was made to find its value by the following
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procedure: The actual space current was plotted as a function of the
filament heating current. When plotted on a power emission chart* the
resulting curve approaches a straight line for very low values of heating
power, but departs considerably for higher values of heating. The
straight line portion of the curve was continued as a straight line up in-
to the region of higher values of heating power. This straight line was
taken as the saturation current. It may readily be realized that a small
error in drawing the straight line may result in large errors in values for
the saturation current.

NOISE ENERGY

FILAMENT HEATING POWER-WATIS

Fig. 7—Variation of noise with filament heating power for a two-element tube
with oxide-coated filament.
Curve A shows the total measured noise.
Curve B shows the calculated thermal noise.
Curve C shows the calculated shot noise.
Curve D=B+(, shows the calculated shot and thermal noise.

The second of the primary difficulties in the determination of the
saturation current results from the fact that immediately after a change
has been made in the filament temperature, the saturation current con-
tinues to vary over a considerable length of time”-® when coated fila-

* A power emission chart is a system of curvilinear coordinates designed
by Dr. C. Davisson of these Laboratories. If the current obeys Richardson’s
equation and the cooling follows the'Stefan-Boltzmann law, then the result when
plotted on the chart gives a straight line.

7 Davisson and Germer, “The thermionic work function of tungsten,”
Phys. Rev., 20, 300, 1922. .

8 Davisson and Germer, “The thermionic work function of oxide coated
platinum,” Phys. Rev., 24, December, 1924.
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ments are used. When pure tungsten is employed, there is reason to
believe that the same kind of an effect occurs, but in so short a time that
ordinarily it cannot be separated from the time taken for the actual
temperature change of the filament to become established. In the cal-
culation of the shot effect, the “dynamic” value of 9I/4J is required.
In view of the time variation mentioned above, no method of measur-
ing this has been found. Accordingly the “static” values were used;
that is, the final values reached by the currents after sufficient time had
elapsed for steady state conditions to be reached.’

When all of these computations were carried out, the result gave the
curves shown in dashed lines on Figs. 6 and 7. It is seen that in both
instances the results are too large. This was to be expected from the
difference between the dynamic and static values of dI/0J. However,
the important thing is that despite the complicated processes of mea-
surement and estimate employed to arrive at the result, the curves are
of the proper shape, and their maxima fall at very nearly the correct
positions. Again, while the absolute values of the ordinates are too
large, they are nevertheless of the same order of magnitude as the mea-
sured ones, and this fact lends support to the theory.

The curves of Fig. 6 refer to a tube having a tungsten filament and
operated with 100 volts on the plate and — 23 volts bias on the grid. The
large grid bias was necessary for this tube in order to secure tempera-
ture saturation at normal filament temperatures.

Fig. 7 refers to a tube with an oxide-coated filament connected as a
rectifier, with the plate and grid tied together. This was done to
determine whether any new and fundamentally different effects were
introduced by the different mode of operation. From several such curves
as compared with those from the same and from different tubes with the
ordinary three-electrode connection, it was ascertained that no unex-
pected results are attendant upon the mode of connection of the tube
into the circuit.

Fig. 3 has been mentioned in Part II where it was pointed out that
the solid lines represent the thermal noise calculated for the plate and
its associated circuits. With filaments operating at temperature satura-
tion, noise data on a number of tubes were taken. A few of these are
representative of the entire number, and are shown connected by the
dotted line curves in the figure. Curves 4, B, and B’ were for tubes
with oxide-coated filaments operating at about 1000 deg. K. Curves
B and B’ represent the same tube, but in B the plate resistance was
varied by means of the plate-battery potential, while in B’ the grid-
biasing battery was used to vary the plate resistance. It is seen that
large values of negative grid bias produce a marked increase in the noise.
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This evidence gives weight to the view that the difference between the
actual noise and the thermal noise is mostly the result of positive ions
which move into the space-charge region. The more negative the grid
is made, the more pronounced is its effect in drawing the ions into the
. space-charge region.

Curve C shows data taken with a tube having a thoriated tungsten
filament operating at approximately 2000 deg. KX under the same ex-
perimental conditions that were used in obtaining curve B. As was to
be expected, C lies higher than B by virtue of its higher temperature.
Curve A was made for a tube with oxide-coated filament at 1000 deg.
K. The amplification factor of this tube was 30 as compared with 6
for the tubes corresponding to curves B and C. For low values of plate
potential curve A approaches the theoretical curve very closely.

A significant set of data from a practical standpoint is shown in
Fig. 8. These data are the result of tests made upon a number of tubes
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Fig. 8—Slope of a space current—filament heating power curve plotted against
noise for a number of different tubes of the same type. Point A refers to a
tube of another type having good filament temperature saturation.

all of the same type and show the effect of non-saturation of the fila-
ment upon the noise. The tubes were operated with the values of plate
and grid potentials and filament temperature recommended by the de-
signer. Under these conditions it was found that the filaments were in
very imperfect temperature saturation. For the purpose of the experi-
ment it was fortunate that the degree of temperature saturation was
quite different for the different tubes so that a relation between the
degree of saturation and amount of noise could be obtained. In this
way, a rough though significant curve was secured which shows that the
morc complete the saturation the less was the noise. In the same figure,
point A shows the same measurement made upon a tube of another
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type, having about the same values of plate resistance and amplifica-
tion factor, but having quite perfect temperature saturation.

Tests for gas were made on a number of tubes, but no corrclation
bet ween the gas pressure and the residual noise was found for any of the
high-vacuum tubes in use today. Therefore, ionization by direet colli-
sion is thought to be of sufficiently rare occurrence to produce a negli-
gible amount of noise.

A special study was made of the noise in the four-electrode type of
tube commonly known as the screen-grid tube. In general, these tubes
were found to have rather poor temperature saturation of the filament,
and as a result showed a high noise level. The filaments saturated
better and the noise level was much lower with 45 volts on the screen
than with 67 volts. In rating these tubes for noise, it must be remem-
bered that their high-plate impedance keeps the noise level quite high,
so that an erroneous impression may be gained that they are too noisy
for use where quietness is essential. Such is not the case. The signal is
amplified to such an extent that the ratio of signal to noise ranks about
the same as with other tubes having the same degree of filament satura-
tion. There is room for a decided improvement in the degree of tempera-
ture saturation in all kinds of these tubes which have been tested, in-
cluding those with the heater type of cathode.

PartV
GENERAL CONCLUSIONS

In the practical application of the foregoing theoretical and experi-
mental study of the noise inherent in vacuum tubes and their associated
circuits, there is one important fact to be borne in mind above all
others. This fact is that the first stage of a radio receiving apparatus
usually has a high impedance circuit attached to the grid of the tube.
The thermal noise from such a circuit masks the noise from the plate
side provided that the tube is operating as a detector or amplifier
with temperature saturation of the filament. In this case, then, all that
need concern the radio technician is the ratio of signal to noise in the
input circuit.

When this is not the case the filament is nearly always responsible
for the excess noisc by exhibiting only a low degree of temperature
saturation.

In order to be prepared to deal with those special cases or circuits
where the input circuit impedance is sufficiently low to allow noise from
the plate side to come into prominence, the more detailed investigation
was undertaken. Here, again, it is found that with tubes properly de-
signed to operate at temperature saturation, the major portion of the
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noise comes from thermal agitation in the plate circuit, with the in-
ternal plate resistance of the tube acting at the filament temperature.
There is thus an advantage in tubes having saturation at low values of
filament temperature. _

The question of the shot effect in the presence of space charge has
been dealt with theoretically. It is thought that the explanation here
given may be subjected to a mathematical treatment suffiiciently rigor-
ous to supplement the experimental tests, which are, for reasons ex-
plained, somewhat unsatisfactory. The practical criterion is theoreti-
cally predicted and experimentally established that perfect temperature
saturation of the filament under operating conditions results in a reduc-
tion of the noise.

The exact effect of ions and secondary electrons upon the noise is
not determined. It is certain that theycontribute a measurable amount,
but a more definite statement at the present time seems to be impossible
just as an accurate determination of their effect upon the space current
itself has never been made. It is found, however, that a large negative
bias on the grid is harmful.

In conclusion the writer wishes to thank the many members of the
technical staff of the Bell Telephone Laboratories who by their aid and
suggestions have contributed to these noise studies.

Note 1
SHoT ERFECT IN THE PRESENCE oF SPacE CHARGE

" The total space current of a given vacuum tube is dependent only
upon the plate and grid potentials and upon the total electron emission
from the filament, provided that thermal effects are neglected. Thus
I:I(Em E,, J) (1)
where

I is total space current
E, is the plate potential
E, is the grid potential
J is the total current emitted by the filament.
al

o1=-Lom,+ L sp,+5s @)
OE, ' 9E, ' aJ

From (1)

In this expression 6 J may be interpreted as the change in the current
emitted by the filament. Since no current ordinarily flows in the ex-
ternal grid circuit, 6E, may be taken as zero. Then, since by conven-

tion 3l 1

o0E, 1,
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equation (2) becomes
51 5E”+al 8J (3)
- e OJ
Imagine an impedance to be placed in the external plate circuit, and
consider a frequency range between w and w-+dw. We may write

Z(w)0I(w) = —8F,(w) (4)

where Z (w) is the impedance in the external plate circuit at frequen-
cies between w and w-dw.
From (3) and (4)

al
—0F,(w) =&Zg(w) 8J (w) (5)

where
1 1 1

Zo@) 1 72

so that Zy(w) is the impedance at frequencies between w and w-+dw of
the parallel combination of r, and Z (w). If an amplifier whose voltage
step-up is given by the gain, G(w), is arranged to amplify the voltage
given by (5), then the voltage across the terminating impedance of the
amplifier is

(6)

—aIZ G(w)dJ 7)
o() =2 Za(@) F(e)b) (a) (

But the right-hand side of this expression is merely the fraction
0I/dJ, multzplied by the voltage that would be produced if there were no
space charge. The mean square value of this latter may be written,
from Fry’s formula:

= e i
vi=— f | Zo(w) |2| G(w) |Pdw (8)

where ¢ is the electron charge, = 1.59X 10-1% coulomb. Hence, the shot
effect mean square voltage, with or without space charge, becomes

00

_ aIN? eJ
i <_> hd f | Zo(w) 2| Gw) |2do. )
OJ s 0
Note 2
EvALuATION OF 81/4J For IpEAL CaASE
In order to evaluate the fraction 81/0J, we note that it is the rate

of change of the actual space eurrent with the total ecurrent emitted by
the filament, under the restriction that the values of plate and grid
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potentials are constant. Fig. 9 shows the manner in which I varies
with filament temperature for various values of the plate potential.

We may write
aI (8[) <6T>
aJ \aT/) \aJ

From Fig. 9, the slope of the space current curve for a given value of
plate potential, say 100 volts, is equal to 9I/3T. Therefore, for the
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Fig. 9—Ideal variation of space current with filament temperature for various
values of plate potential. The curve Oabcd represents J, the total current
emitted by the filament.

temperature T}, the value of 9I1/3T is given by the slope at P, as shown.
Irrespective of the plate potential, the value of 4J/T is given by the
slope of the J curve at the point @, corresponding to the temperature T.

For actual computation work it is convenient to plot the actual
current I as a function of the saturation current J so that 41/8J may be
found directly.

Note 3

WHAT Is THE EFFECTIVE TEMPERATURE AS REGARDS PRO-
DUCTION OF THERMAL NOISE OF THE INTERNAL PLATE
REsISTANCE OF A VacuuMm TuBE?

The difficulty in answering this question lies in the fact that the in-
ternal resistance of a vacuum tube is not a physical piece of apparatus
but is a mathematical concept which measures the energy dissipated
within the tube by a small variable current component through it. It
is known from the kinetic theory of gases that the temperature of the
electron cloud emitted by the filament is the same as the temperature of
the filament itself. An analogous example is found in the case of boiling
water, where the steam and water are at the same temperature. The
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electron cloud does not in itself, however, constitute the internal resis-
tance of the tube. The electrons from the cloud are constantly being
drawn off by the plate and resupplied by the filament. They acquire
kinetic energy on their way to the plate. This energy does not affect the
cloud temperature because it is coordinated energy, while the energy
by which temperature is measured is the average random uncoordinated
energy. Upon striking the plate the electrons dissipate energy. Here,
then, is an attribute of resistance ; namely the dissipation of energy when
the electrons strike the plate. The coordinated kinetic energy which
the electrons have acquired on their way to the plate is transformed in-
to the random motions of heat energy of the material composing the
plate.

Without, however, entering into a more detailed study of how the
energy dissipation takes place, we may obtain the answer to our ques-
tion by the following thermodynamic argument:

Refer to Fig. 10. This figure shows a vacuum tube composed of
cathode, anode and grid, together with the d-¢ generators necessary to
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Fig. 10—Diagram to illustrate explanation of the effective temperature of the
internal resistance of a vacuum tube.

supply a positive potential to the plate and a negative potential to the
grid. A resistance 2 is connected in the external plate circuit. The re-
sistance It and the tube are placed in an oven where both are main-
tained at the same temperature T, which is taken to be high enough to
insure a copious emission of electrons from the cathode. The cathode
may be imagined to be -oxide-coated, whereas the grid and anode are
composed of a material which does not emit electrons. Moreover, the
grid potential is adjusted so that a change in electron emission by the
cathode does not change the space current. The absence of any shot
effect is thus provided for, so that no energy other than that needed to
maintain a perfectly steady space current is supplied by the generators.

Under these circumstances, the thermal agitation of electricity with-
in the resistance R will cause varying currents to flow through the tube,
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supplying power to the internal resistance r,, of the tube. Therefore, the
second law of thermodynamics requires that the internal resistance 7,
must supply exactly the same power to the external resistance E.
Suppose the two resistances to be equal in magnitude. Nyquist’s for-
mula tells us the mean square value of the thermal e.m.f. within R at the
temperature T. Therefore, the mean square value of the e.m.f. within
r, must be exactly the same.

Z1=R1+1Xy Zo2=Rp+iXy

BRI S ko

Fig. 11—Diagram to illustrate derivation of the expression for thermal noise
from two impedances at different temperatures, T, and T%.

But the temperature T is the cathode temperature. If the anode is
cooled by circulating water, the energy relations between R and r, are
still undisturbed, since R is powerless to deliver electromagnetic energy
to the cooling water.

" The conclusion follows, therefore, that the effective temperature of
the internal resistance of a vacuum tube is equal to the cathode tem-
perature.

Note 4

TuerRMAL Noisk FRoM Two CirRcuiT ELEMENTS IN
PARALLEL BUT AT DIFFERENT TEMPERATURES*

From the method of derivation of equation (1), the mean square
value of the effective e.m.f. acting within an impedance of resistive
component R(w) and between the frequencies given by w and w+dw is

— 2kT
Etdw=——R(w)dw. (1)
T

Consider the circuit shown in Fig. 10. The thermal electromotive
forces acting in Z, and Z, are represented by K, and Ej, respectively,
and the two impedances are at the different temperatures, T1 and Th.
For the present, consideration is limited to those frequencies lying be-
tween w and w--dw.

* The modification of the formula for thermal noise which is here presented

was derived by both Nyquist and Johnson independently of the writer, and at
a previous time.
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From the figure:

I=E1+E2-
Z\+2Z,
Hence, the voltage B is:
E.=E,—1.Z,
Zs Z,

1 —E; :
ZH+Z, ZH+Z,
The mean square value of E, is therefore

: __( z ‘2

E2
T

Z,

Ef=E¢
41+ 7Z,

(2)

From (1) the mean square values of E, and E; may be obtained. When
these are substituted in (2) there results:

T 2k(T1R11Z2|2+T2R2lZ1‘2>
W= ;
’ | 2+ 2, ]2

™

or, by integration over all frequencies
__ 2k °(TiR.| Z2|*+ TR | Z, |2
L < Ry| Zo |2+ T, '-_.L|_>d
| 2,4+ 2, |

™Yo

(3)

which may be put into the form used in the texi by ordinary algebraic
manipulation.
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A STUDY OF THE OUTPUT POWER OBTAINED FROM
VACUUM TUBES OF DIFFERENT TYPES*

By

H. A. PiogeoN anD J. O. McNaLLY
(Bell Telephone Laboratories, New York City)

Summary—Economical operation of the large number of tubes involved in the
Bell System makes necessary the adoption of common supply voliages. THhis re-
quires that repeater tubes of various types be designed to operate at a fixed plate
voltage. For this reason the design of amplifier tubes to give as large a power output
as possible at the operating plate voltage s of considerable tmportance.

In the case of three-elecirode tubes it is possible from theoretical considerations
to compute, approximately, the electrical parameters a tube must have in order to
give the mazimum output power of a given quality obtainable under fized operating
conditions.

The electrical characteristics and output of fundamental, second, and third
harmontcs of two of the more common telephone repeater tubes are given.

It is of considerable tnterest to determine whether greater power output of com-
parable quality can be obtained from tubes containing more than one grid. Since
no suffictently exact theoretical analysis of multi-grid tubes s yet uvailubleto permit
the determination of the parameters of optimum tubes, a comparative experiment-
al tnvestigation of a number of such structures has been undertaken. The electrical
characteristics and output of fundamental, second, and third harmonics of several
such experimental tubes are given. The power output of multi-grid tubes and of three
element tubes ts compared. The reasons for the comparatively lurge power outpul
of certain types of mulit-grid tubes are discussed.

N the design of amplifier tubes for use in the Bell System certain
I[ controlling factors must be taken into account, based upon con-
siderations of plant economy and the character of the service
required. KEconomical operation of the large number of tubes involved
makes necessary the adoption of common supply voltages. These are
130 volts for plate and 24 volts for filament supply. This requires
that tubes of various types be designed to operaie at this plate voltage,
and with filament voltages so chosen that a number of tubes can be
operated in series on the common filament supply. Four filaments are
usually operated in series so that, allowing for the normal battery
voltage fluctuations and for certain auxiliary apparatus in the fila-
ment circuit, the maximum filament voltage is fixed at 5.0 volts.

It is necessary to consider the stability of gain with variationsin the
operating voltages in the design of such tubes. The gain variation
introduced by fluctuations in filament battery voltage is particularly
important. In fact, the useful life of repeater tubes is determined by the

* Dewey decimal classification: R131.
266
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period over which the gain wvariation remains less than a specified
value for a given change in filament current.

Another important factor is reliability of service. This requires
that the average life of tubes shall be relatively long in order to reduce,
as far as possible, impairment or interruption of service by tube fail-
ures. This is particularly important in the long-distance lines where a
large number of tubes are involved in the operation of any given talking
circuit. Tubes used in this service have an average life of not less than
10,000 hours, while some of the types used have an average life greater
than 25,000 hours. Furthermore, repeater tubes must be uniform in
their characteristics in order to be interchangeable; and they must
maintain this uniformity throughout their useful life in order to keep
the transmission characteristics of the telephone lines within the
limits required. Similar considerations apply to the quality of output.
In general, it is necessary to operate the tubes into impedances match-
ing their own plate-filament resistance in order to reduce reflection
effects; and in carrier circuits, where the harmonies must be reduced
to very low levels, the tubes are used in push-pull or balanced arrange-
ment to suppress the second harmonic as far as possible.
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These requirements and other factors lead to more comservative
tube design than is necessary for many other types of service. Particu-
larly is this true with respect to the filament. More electron emission
and, consequently, greater filament area are provided than is necessary
in many other tube applications.
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CuarACTERISTICS OF TELEPHONE REPEATER TUBES

In use as amplifier and modulator tubes in the telephone plant are
the types 101-D! and 104-D tubes. Both tubes operate at a filament
current of 0.97 ampere and a filament voltage of 4.4 volts. Char-
acteristic curves for the 101-D tube are shown in Fig. 1. It normally
operates at a grid bias of —9.0 volts and at a plate current of about 8
milliamperes. Under these conditions the average amplification
factor, u, is 5.9 and the average plate resistance is about 6000 ohms.
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Fig. 2—Type 101-D tube. Second harmonie, F», in decibels
below the fundamental, Fy.v =E.; R=R,.

Projected across the characteristic curves of Fig. 1 are isometric
curves of fundamental output power. In Figs. 2 and 3, in a similar
manner, isometric curves are shown for constant ratios of the second
and third harmoniecs, respectively, to the fundamental output. These
ratios are expressed in decibels. The data shown, the method of meas-
uring which will be described later, were obtained under the following
conditions: an external load resistance was adjusted at all points to
have a value equal to the plate resistance of the tube; a sinusoidal,
audio-frequency input was applied, the peak value of which at all
points was adjusted to equal the grid-bias voltage. Consequently, the
values of output power shown are the largest that can be obtained with-
out carrying the grid positive.

The output power for smaller values of input voltage may be com-
puted readily since the power is proportional to the square of the

1 The type 101-D tube has been largely replaced in voice frequency repeaters
by the type 101-F tube, which operates at a filament current of 0.485 ampere

and a filament voltage of about 4.0 volts. Otherwise its characteristics are very
similar to those of the 101-D tube deseribed in this paper.
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input voltage. Likewise, the corresponding ratios of the second and
third harmonic currents to the fundamental may be computed since
these ratios are approximately proportional, respectively, to the first
and second power of the input voltage.
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Fig. 3—Type 101-D tube. Third harmonie, Fs, in decibels
below the fundamental, Fi. v=E.; R =R,.
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Or, expressed in decibels we may write,

€m
F2=F2m+20 10g10 ': (1)

in which F,,, is the level of the second harmonic current below the
fundamental in decibels when the peak-input voltage has the value
en which just carries the grid to zero; and F. is the corresponding level
of second harmonic for any lesser value of peak input e. Similarly,
for the third harmonie,

€m
F3=F3m+40 IOgm —e—' (2)

It is seen from the figures that the output power of the 101-D
tube at the normal operating point is about 60 mw with the second
and third harmonics 26.3 and 48 db below the fundamental, respec-
tively. The power output can be very much increased by operating
the tube at more negative grid potentials, although the quality is not
as good. For example, with the grid potential at — 13 volts the output
is increased to 85 mw with the second harmonic 20 db below the
fundamental.

Similar data are shown in Figs. 4 and 5 for the 104-D tube, which
is also widely used in the Bell System particularly in carrier crcuit



270  Pidgeon and McNally: Output Power Obtained from Vaocwum Tubes

apparatus. At a plate potential of 130 volts, and a grid p otential of
—20 volts the plate current is 23 ma. TUnder these conditions
the amplification factor is 2.5 and the plate resistance 2000 ohms. The
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Fig. 4—Type 104-D tube. Characteristics and fundamental
¥ output power. v=E,; R=R,.

output power is 160 mw with the second harmonic 25 db below the
fundamental. At —32 volts grid potential the power output is
increased to 265 mw with the second harmonic 20 db below the funda-
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Fig. 5—Type 104-D tube. Second harmoniec, F., in decibels
below the fundamental, ;. v=E.; R=R,.

mental. By operating at still more negative grid potentials the out-
put power may be further increased, although the quality rapidly
grows worse.
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It has become a common practice to collect such data as are shown
in Figs. 1 to 5 as part of the standard information on tubes used in the
telephone system. This information includes, for several ratios of
external plate circuit resistance to the plate resistance of the tube, the
gain, output power, and the relative levels of second and third har-
monics; also similar charts show the plate resistance and amplifi-
cation factor, u, over the entire operating range of the tube. Such
diagrams form a compact compilation of data useful in determining
the best operating conditions for any particular application of tubes
as amplifiers, and they also afford an accurate basis for the comparison
of tubes of different types.

MeTHOD OF MEASURING THE HARMONIC OUTPUT
oF Vacuum TuBES

In measuring the harmonic output of tubes use is made of a current
analyzer similar in design to that developed by J. W. Horton and F.
Mohr.2 It will suffice to state here that it is a high gain amplifier
with highly selective circuits such that, when tuned to the frequency
of the current to be measured, the magnitude of the current is indicated
by the reading of a meter in the output circuit. The slight unsteadiness
in gain inherent in such apparatus makes the permanent calibration
of the output in terms of the input impracticable. It Is the usual
practice, therefore, to make such measurements by a method of sub-
stitution in which the harmonie current of unknown magnitude from
the tube (or apparatus) under test, is replaced in the analyzer system
by a measured current of the same frequency from a standard oscil-
lator adjusted to produece the same response in the indicating meter
placed in the output circuit of the analyzer.

For rapid work a modification of this method has been success-
fully used employing the circuit shown schematically in Fig. 6. The
input to the tube under test is supplied by the input oscillator and
measured by the thermocouple B. An input frequency of 1900 cycles
per second has been used in most of the work. A suitable low-pass
filter system between the oscillator and the tube suppresses all har-
monics in the oscillator output to values well below those praduced
by modulation in the tube under test. With the switch S thrown to
the position 2, the output current of the tube is passed through the
attenuation network into the analyzer. With the switch in position
1 the analyzer and attenuator are connected to the standard oscilla-
tor, the output current of which is indicated by the thermocouple 4.

t J. W. Horton, “The empirical analysis of complex electrie waves,” Trans.

A.I1.E.E., 46, 535— 541 May, 1927. A. G. Landeen, “Analyzerfor complex electric
waves,” Bell Sys Teck. Jour., 6, 230-247; 1927.
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In practice the procedure is as follows: after tuning the analyzer
to the frequency of the harmonic it is desired to measure, the standard
oscillator is connected and also adjusted to this frequency. The read-
ing of the indicating meter D is then noted for some convenient value
of input current to the analyzer smaller than the harmonic current
to be measured. This gives the necessary calibration. The output
circuit of the tube under test is then connected to the analyzer, and
the attenuator adjusted until the same reading is obtained in the
meter D. A simple calculation gives the value of the harmonic current.
Provided the plate and filament voltages on the analyzer are suffi-

CIRCUIT OF TUBE UNDER TEST
INPUT LNERAN
OSCILLATOR c
29
1
= - o
LOW PASS !
FILTER $ +egd
-2+

STANDARD
OSCILLATOR

CURRENT
VARIABLE I ANALYZER
ATTENUATION
NETWORK | 0

Fig. 6—Schematic diagram of circuit for the measurement of the
harmonic output currents from vacuum tubes.

ciently constant, it is possible to make a number of measurements
before readjusting the calibration. The thermocouple C in the plate
circuit of the tube under test gives the fundamental current with an
error of less than 2 per cent for cases when the greatest harmonic
level is 14 db or more below the fundamental, and when the other
harmonics are progressively smaller in about the same ratio. For
cases where this method produces appreciable error the fundamental
current may be measured in the same way as the other components
of output current, but this is obviously unnecessary in most
cases. .

Having available an experimental method by which the output
of fundamental and other harmonics can be measured readily and
with a fairly high degree of precision, it becomes a problem of consider-
able interest to determine whether greater output of a given quality
can be obtained from other types of structure than from three-elec-
trode tubes when limited to the same plate voliage and space current.
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The primary object of this paper is to present the results of such
an experimental study of tubes containing two grids, one of which is
held at some fixed positive potential; and to compare the output power
obtained from them with the maximum obtainable from comparable
three-electrode tubes. For at least most of the applications we are
concerned with, it is a necessary condition that the tube work into an
impedance equal to its own plate resistance; therefore, the study is
limited to this condition. It is also limited to 130 volts plate patential
and to a total space current equal to that of the 104-D tube, viz., 20
to 25 ma.

OpriMuM THREE-ELECTRODE TUBES

In the case of three-electrode tubes a sufficiently exact theoretical
analysis is possible to permit the design of structures closely approxi-
mating the optimum obtainable from the standpoint of giving the
maximum output power of a given quality available at any given plate
voltage and plate current. Space does not permit presenting such an
analysis here, although it is hoped that it shall be given at a later time.

Such computations show that no very substantial increase in
output power of like quality could be obtained by a change in design,
over that now obtained from the 101-D and 104-D tubes under the
given operating conditions. The gain, however, could be increased
without sacrifice of output power or quality. With the second har-
monic fixed at 20 db below the fundamental, similar computations
show that the output power could be greatly increased. For example,
with the plate current fixed a 23 ma, by a change in design, an out-
put power of about 450 mw could be obtained as compared with 265
mw from the 104-D tube. Data obtained from such a tube will be
shown later.

Two-Grip TuBeEs—PosiTive INNER GRID

Tubes containing two grids spaced at unequal distanees from the
filament, one of which is held at some fixed positive potential, were
extensively studied and described by W. Schottky.? He found that
tubes with the inner grid positive are particularly effective in giving
high amplification at low plate voltages. The basic idea of this arrange-
ment is that the field due to space charge near the filament, which
limits the flow of electrons, is partially neutralized by the field of the
positive grid. A larger percentage of the total number of electrons
emitted by the filament is thus utilized in space current, the plate
resistance lowered thereby and the amplification correspondingly
increased.

3 W. Schottky, “Uber Hochvakuumverstirker,” Archiv. fir Elekirotechnik,
8, 299-328; 1919.
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Although such tubes have been studied in this country, they have
not come into general use, due chiefly, perhaps, to the following rea-
sons. They are somewhat wasteful of space current, since the positive
grid collects a considerable fraction of the total current. And for power
amplifiers, with high-voltage plate batteries readily available, it
has been found economical and more in accord with the general trend
in tube design to meet the demand for increased output power by
increasing the operating plate voltage rather than by increasing the
plate current and, consequently, the electron supply from the filament,
to the extent that would otherwise be necessary. It does not follow,
however, that with a definitely fixed plate voltage available, as there
is in the telephone plant, it might not be economical to apply this
principle.
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Fig. 7—Two-grid tube with inner grid positive. Characteristics for 130 volts
plate potential and for various values of positive grid voltage, E.. Plate
spacing =5/16 inch; outer grid spacing =0.200 inch; inner grid spacing
=0.105 inch; diameter of lateral wires =0.008 inch, and turns per inch =10
for both grids.

The work of Schottky was mainly concerned with the amplifica-
tion obtainable under the most favorable conditions. But neither his
work nor any other available data, so far as the authors are aware,
permits the direct comparison of the output of a given quality that
may be obtained from such tubes with that obtainable from three-
electrode tubes when limited to the same voltage and space current.
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Unfortunately, in the case of multiple grid tubes, particularly
when one of them is held at a positive potential, there is no sufficiently,
exact theoretical analysis yet available to permit the determination
of the parameters of optimum tubes, as there is in the case of three-
electrode tubes. It has been necessary, therefore, to follow qualita-
tive considerations largely in the design of such tubes, and to cover
experimentally fairly wide variations in structural parameters.

Flat type structures are the only ones well adapted to the use of
filament having the characteristics desired for telephone use. Conse-
quently, this study was limited to structures of.flattened cylindrical
form containing the usual type of .wound grids that are readily made
commercially. A number of variations were made in the spacing of
the plates and grids, and in the size, number, and arrangement of the
lateral wires in each grid.
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Fig. 8—Output power; second and third harmonic levels, expressed in db below
the fundamental, F;, for positive inner grid tube whose characteristics are
shown in Fig. 7. E, =130 volts; v=E.; R=R,.

In Figs. 7 and 8 curves are shown for one of the best structures
found. It contains the same filament and is therefore capable of operat-
ing at the same total space current as the 104-D tube. In Fig. 7 the
plate current, positive grid current, amplification factor, and plate
resistance are plotted as functions of the control-grid voltage for sev-
eral values of potential on the positive space-charge grid. In Fig. 8
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power output, second and third harmonic levels are shown in a similar
manner. As in the cases of the 101-D and 104-D tubes, the values of
power, second, and third harmonies are for sinusoidal input voltages
the peak values of which are equal to E. at every point.

Now the available output power will depend on the quality speci-
fied. Without attempting to define the quality required, let us arbitra-
rily adopt as a basis of comparison the criterion that the percentage
of second harmonie cannot be greater than that corresponding to 20
db below the fundamental. This is a higher percentage than could be
permitted in many cases, and perhaps is as high as could be tolerated
in almost any practical application.
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Fig. 9—Characteristics of optimum three-electrode tube. Constructed to give
maximum output power with second harmonic 20 db below the fundamental,
for E; =130 volts and I, =23 ma.

For the tube considered, the 20-db limit is reached at a grid poten-
tial of —54 volts and at a positive grid potential E, of 20 volts, which
is about as high a value of the latter as could be chosen without ex-
ceeding the space-current limitation, Under this condition the sum of
plate and positive grid currents is 22.5 ma, which is within the proper
range for the filament of the 104-D tube. The plate resistance is 3300
ohms and the value of p is 2.1. The output power under these condi-
tions is 460 mw. The gain is 22.7 db, determined under the standard
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conditions for repeater tubes. These conditions, which apply to all
of the values of gain given in this paper, are that the tube work into
a resistance load, R, equal to its own plate-filament resistance, R,
and that the input circuit have a resistance of 600,000 ohms.

Let us compare this output power with that from an optimum
three-electrode tube designed to operate at a plate potential of 130
volts, a plate current of 23 ma, and giving the maximum output
power obtainable with the second harmonic 20 db below the funda-
mental. As previously indicated, the computed output power of such
a tube is about 450 mw.

The characteristics of a tube very close to the optimum in output
power under these conditions are shown in Figs. 9 and 10. The plate
and grid spacing were made as small as practicable in tubes the
electrical characteristics of which must be maintained within the rela-
tively close limits required in telephone repeater tubes. This tube
operates at the proper level of second harmonic with the grid at —25.3
volts, at which point the power output is 440 mw. The gain under
this condition is 29 db. Comparison with the results obtained for the
space-charge-grid tube shows that the power output is nearly the same
for the two structures, although the gain obtained with the optimum
three-electrode tube is 6.3 db higher. Therefore, so far as the results
from this positive grid tube are indicative, there would seem to be no
advantage in tubes of this type.

From theoretical considerations and also from the work of Schottky
and D. C. Prince,* it appears that perhaps some advantage might
be gained by the construction of space-charge-grid tubes of circular
section and having as great a degree of symmetry as possible. Under
ideal conditions such tubes would transfer the zone of effective space
charge from a small sheath about the filament to a very much larger
cylindrical sheath at a position between the two grids determined by
the potentials on the plate and grids. The density of space charge
and, consequently, the impedance of the tube would be correspondingly
reduced. The distortion of the field by the grids, particularly if this
distortion is non-symmetrical, prevents the realization of this ideal
condition by introducing an element of turbulence into the flow of
electrons. From this standpoint, there might be some advantage also
in using longitudinal lateral wires in one of the grids, thus making the
lateral wires in the two grids perpendicular to each other as employed
by Prince and also suggested by F. Below.5

¢ D. C. Prince, “Four-element tube characteristics as affecting effidency,”
Proc. I. R. E,, 16, 805-821; June, 1928.

5 F. Below, “Zur Theorie der Raumladegitterrshren,” Zeits. Sfur Fernmel-
detechnik, 9, 113-118, August, 1928; 136-143, eptember, 1928.
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While it is possible that some improvement might be obtained
by a change in electrical parameters from those of the tube the char-
acteristics of which are shown, or by structural changes such as those
discussed above, it is not believed that any very substantial increase
in output power of like quality can be obtained by such means, at
least under the imposed limitations of space current and plate volt-
age. Confirmation of this view is had in the results obtained with
certain variations in structures tried. Experiments were made on
three groups of tubes constructed as follows: in the first group the
lateral wires of the control grid were arranged directly behind those
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Fig. 10—Output power, gain, second and third harmonic levels for the optimum
tube whose characteristics are shown in Fig. 9. E;=130 volts; v=E,;

=R,.

of the positive grid. In the second group the lateral wires of the con-
trol grid were directly opposite the mid-points in the interstices be-
tween the grid wires of the positive grid. The characteristics of one
of these tubes are shown in Figs. 7 and 8. In the third group the inner
(positive) grid was identical with that in the other groups; the outer
or control grid was constructed with longitudinal lateral wires having
the same diameter and spacing as in the other groups. In all other
details than those described the structure of the tubes in the three
groups was identical. If turbulence is effective in limiting the output
power from this type of structure, then there should be a marked dif-
ference in the results obtained from the tubes in these three groups.
As a matter of fact the characteristics and output were practically
identical.
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The results of these and other experiments lead to the conclusion
that there is a more fundamental reason for the limitation in output
power from such tubes. They are essentially low-voltage high space-
current tubes, and are not particularly efficacious at the voltage and
comparatively low space currents considered here. Over a limited
range of operation they have a low impedance and, consequently,
are capable of giving a high gain. When tubes of this type are designed
to operate over a wider range, as they must be for large output power,
they are much less efficient. Under this condition the effective plate
resistance increases and the positive grid is of little service or may even
render the tube less effective than a well-designed three-electrode tube.
Better results were obtained with a type of structure described later,
which is essentially free from these limitations; consequently, tubes of
this particular type were not studied further.

Two-Grip TuBes WitH OuTER GRrIip PosiTive

Another possibility in the application of two-grid tubes lies in the
operation of specially designed structures with the outer grid positive,
which also was suggested by W. Schottky.® The arrangement is similar
to that in the well-known screen-grid tube, but the grids are made
much coarser in order to reduce greatly the tube resistance. With such
tubes it is possible t0 obtain fairly large values of output power
within the specified limits of quality and space current, and at ex-
traordinarily high gain. Although comparatively high in plate re-
sistance, they have an advantage in the reciprocal effect that the plate
current, throughout the permissible operating range, varies much less
with plate voltage than in either of the other types previously con-
sidered. This would permit the consumption of a greater percentage
of the total plate voltage in useful potential drop across the load
impedance were it not for one very serious restriction. This is due
to the well-known fact that, for plate potentials equal to or less than
that of the positive grid, the tube characteristics are greatly distorted
by secondary electrons liberated from the plate and collected by the
positive grid. This at once places the limitation on the operation of
the tube, that the instantaneous values of the plate potential can
never be less than that of the positive grid if prohibitive distortion
of the output current is to be avoided. This requires the operating
plate voltage to be so high as to exclude such tubes from consideration
at the limited voltage considered here, and in any case to handicap
seriously their efficient operation so far as the economical use of plate
battery is concerned.

¢ W. Schottky, loc; cit.
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A means of practically eliminating the effects due to secondary
electrons from the plate has been found in an additional grid placed
between the plate and positive grid. It is held at some potential (usually
near that of the filament) lower than that ever reached by the plate
thus preventing secondary electrons from the plate escaping to the
positive grid. This permits operation with the plate at potentials
only a little higher or even equal to that of the positive grid. Such
tubes have found practical application in England under the name
“pentodes”. i

However, the percentage of second harmonic in the output of
such tubes is high, caused by the combination of comparatively large
current components of like sign produced by the curvature of the plate-
current plate-voltage characteristic, and by relatively large variations
in p. For this reason we may dismiss such tubes from further con-
sideration so far as this study is conecerned. In any case the inherent
high resistance of such structures makes them compare unfavorably
with other structures so far as output power is concerned, although
a moderate output power combined with the extraordinarily high gain
of which they are capable makes them attractive for certain special
applications.

CuARACTERISTICS OF Co-PLANAR GrIp TUBES

Another arrangement that has been found to be particularly
effective in the utilization of a positive grid to reduce space-charge
effects, is to place it so that its lateral wires lie in the same plane as
those of the negative control grid and alternate with them. So far
as the authors are aware no data on such structures have hitherto
been published.

Here, as in the case of other types of tubes with positive grids,
it has been necessary to follow qualitative considerations in their
design, so that the structural parameters necessary for the best design
are not as yet very well defined. In agreement with theoretical con-
siderations, the tube resistance and, consequently, u should be low
for large power output. At the same time there seems to be an ad-
vantage in having the lateral wires of the negative control grid shield
those of the positive grid as well as possible when the former swings to
large negative potentials. These opposing requirements cannot be
wholly satisfied, but obviously are the most nearly so by the use of
small diameter lateral wires fairly closely spaced. On the other hand
it is necessary to use lateral wires large enough to maintain the grid
form. The arrangement of the grids and other elements in these tubes
is shown in the sketches of Fig. 11. The narrower grid is used as the
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control grid since a larger current is collected by the unshielded portion
of the positive grid if the arrangement is reversed.
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Fig. 12—Characteristics of co-planar grid tube for various values of positive
grid potential, E,; E, =130 volts. Plate spacing =0.200 inch; grid spacing
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=12.9 for each grid.
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Static characteristics for a typical tube of this type, which we will
refer to as a co-planar grid tube, are shown in Figs. 12 and 13. The
plate spacing in this particular tube is 0.200 inch, and the spacing of
the grids 0.090 inch. The lateral wires in both grids are 0.005 inch
in diameter, wound with 12.9 turns per inch. The curves of Fig. 12
are analogous in all respects to those shown in Fig. 7 for a tube with
positive inner grid. In Fig. 13 are shown families of p late current and
positive grid-current curves as functions of E, with the positive grid
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Fig. 13—Characteristics of co-planar grid tube for various values of
plate potential, E;. E,=0 and 60 volts.

voltage E, fixed at zero and 60 volts as parameters. It is apparent
from these curves that one of the chief effects of increasing the positive
grid voltage is to move the families of plate current characteristics to
the left. This displacement is equivalent in effect to an increase in
plate voltage and is roughly proportional to the increase in E,. This
approximation is closer if we consider the total space current to both
the plate and positive grid rather than that to the plate alone.

In fact we may write as a rough approximation of the characteristics
over a considerable portion of their range,

ItzIb+Is=K(Eb+;U'sEs—';UfEc)" (3)

in which I, is the total space current, that is, the sum of the plate and
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positive grid currents, I and I, respectively; K is a constant depend-
ing on the values of u,, u and the dimensions of the tube; uis the usual
amplification factor pertaining to the control grid, and g, a similar
factor pertaining to the positive grid. In a tube in which the two grids
are symmetrical one might expect that u, and x4 would be equal, but
such is not the case although at the higher values of E,, at lesst, the
ratio of u, to  is nearly constant when I, is held constant. The varia-
tions in u, and u are complex in character and space does not permit
a detailed discussion of them here. In general, p decreases and u.
increases with decreasing values of I,; but the magnitude of these
variations, at least when E, is greater than E,, does not seem to be
greater than in ordinary three-electrode tubes.

Obviously, this equation does not take into consideration the
distribution of the total current I, between the plate and positive
grid, which it would be necessary to do in order to formulate the char-
acteristics with sufficient accuracy to permit the computation of the
harmonic output; and, unfortunately, no satisfactory means are now
available for computing the current to a positive grid. However,
some of the characteristics of the tube are made clearer by reference
to the above equation. For example, if the operating plate voltage
E, and the total space current I, are fixed, then as larger values of
positive grid voltage E, are chosen the corresponding values of control-
grid voltage E, must be made proportionately more negative. We
have already seen from the curves of Figs. 12 and 13 that this is the
case, qualitatively at any rate. Computation shows that it also holds
quantitatively to a fair approximation if the variations in pand u,
are taken into consideration. Since the peak value of the allowable
input voltage increases with the absolute value of E. the output power
should, therefore, increase with E..

Or, so far as total space current is concerned, we might regard
equation (3) as that of an equivalent three-electrode tube in which
the plate voltage Es is replaced by the effective plate voltage Ex+u,E.,
an increase proportional to E, as was indicated above.

Looked at from a slightly different angle, there is another reason
why one should expect such a structure to give a greater power out-
put than can be obtained from ordinary three-electrode tubes under
comparable conditions. Under the limitation that the grid shall not
be carried positive the latter are low in efficiency as power converters
from the standpoint of the ratio of useful output power to that dis-
sipated in the plate when no input is applied. One reason for this is,
that at the instant when the grid is at zero potential, a large portion
of the available voltage in the plate circuit must be consumed in draw-
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ing the peak current from the tube, only the remainder being available

as the peak value of useful voltage across the load resistance. That

is, .
Eb=Epo+iR=Epg+(ng—Ib)R (4)

in which E,, and I, are respectively the values of plate potential and
plate current at the instant when the grid is at zero potential. E,
is always a very considerable fraction of E;.

Now in the co-planar grid tube the fixed component u.E, of equiv-
alent plate voltage contributes a large portion of the potential across
the tube (corresponding to E o) necessary to draw the required current
at the instant when the grid potential is zero. Consequently a larger
proportion of Ej is available as useful voltage-drop across the load
resistance than in three-electrode tubes. This means increased out-
put power.

o
E 1.4
H | —
£37100
e — ~
R LT |21 e
o | o]
o
= / 69 \
X o.
z ==
3 b <y
< 08
3
z
S
L 04
< [ ]
; o I —
o
3 I P~~d 20 20| 43
- i >l ~L T
@ E30100 \\ S
z ]
b ! /
50|
15
_\’0\
N e
S
I ;,%\
3
9 \
E
e po
z \
'y
60 30
50
~90 80 =70 -40 ~30 -20

—80 -50
CRID VOLTAGE

Fig. 14—Co-planar grid tube. E,=130 volts. Output power, second dand third
harmonics as functions of grid voltage. v=E., BE=R,.

On the other hand, there is no way of telling definitely from the
curves as to what the relative levels of harmonies may be. The plate-
current characteristics of Fig. 13 show a marked flattening or even a
dropping off for values of E; lower than E, as E, approaches zero. This
is due to the larger fraction of the total current collected by the positive
grid under these conditions. This also produces a flattening out of the
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dynamic characteristic in this region, as is shown by the curve a o’
which is a dynamic characteristic drawn through the operating point,
Ey=130 volts, E,=60 volts and E.= —53 volts, for a resistance load
equal to the plate resistance of the tube. The effect of this flattening
of the dynamic characteristic is to reduce the second harmonic alihough
the third may be increased relatively.

These conclusions are quite well confirmed by the curves of Fig. 14
in which the fundamental output power, second and third harmonics
are plotted as functions of the control-grid voltage E,. These data were
obtained under the same conditions as those previously given for
other tubes. The points on the curves marked by circles represent
conditions for which the total space current, I,+1,, is 23 ma, so that

1.4 32

: | [ 1
: 1 l";’ 'y 31
T p g A 2 =2
& ) 5

b E3*40 Ege-35 <% EuiR> 3
£ il i “z
g GAIN CURVES

N L ARE NTED <26 2
2 i_°°_r E_'T_5°_~ LA 8Y BROKEN LINES 3
E ~ -
z 0. —Es=80 Ec=-65 = 7
F4 I ke b T
3 o ==
3 / \\N‘
g o2 T = 26
= A =] e \J
o o . T

>

N

T
3
1%

2
A\

»
S

»
3

Fa

F3y AND F, IN DB. BELOW F,
"
<
b

@
-3

6D
o 10 20 30 40 50 60 70
INPUT IN PEAK VOLTS
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third harmonies as functions of peak input voltage.

values at these points are directly comparable with those previously
- considered for other tubes. In Fig. 15 some of the same data are plotted
as functions of peak input voltage with E, 80, 60, and 40 volts as para-
meters, and for selected values of E, such that the total space current
I, (at zero input) is very nearly 23 ma. Gain curves for the same condi-
tions are also included.
With E, at 100 volts the total space current I, reaches 23 ma at a grid
voltage of —79 volts. At this point the output power is 1.11 watts
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with the level of the second harmonic 25 db below that of the funda-
mental. On the other hand the third harmonic is only 17 db below
the fundamental. So that, if we extend our criterion of the lowest
permissible quality to include the condition that the third as well as
the second harmonic must be limited to 20 db below the fundamental,
this condition of operation must be rejected. The reason for the rela-
tively high level of the third harmonic as compared with the second
is found in the peculiar form of the characteristics as discussed above.
With E; at 80 volts the output power is 1.17 watts with the second and
third harmonies 22.5 and 21.0 db below the fundamental, respectively.
The gain under this condition is 25.3 db. The output power and third
harmonic are progressively lower at the 23 ma points on the curves for
lower values of E,, while the second harmonic remains at about 22 db.
Under the same limitation as to second harmonic the output power
obtainable from this tube is about 2.5 times that from either the opti-
mum three-electrode tube or from the tube with positive inner grid.
On the other hand the third harmonic is considerably higher than for
either of the other tubes.

Now suppose a three-element tube be designed to give the maxi-
mum possible output power with a plate current of 23 ma and without
regard to quality. Computations show that such a tube would have
a power output of about 850 mw with the second harmonic about 16
db below the fundamental. Hence, it is clear that this co-planar
grid tube, which it cannot be assumed represents an optimum, gives
a larger output power at a lower level of second harmonic (although
not of third) than is possible in any three-electrode tube of the ordi-
nary type, subject to the imposed limitations as to grid swing and space
current.

Let us consider the output power of the co-planar grid tube at
a level of second harmonic comparable with that of the 104-D tube
when working under the conditions previously given. The output,
as we have seen (Figs. 4 and 5), is 160 mw with the second harmonic
25 db below the fundamental. Under this condition the third harmonic
is very low, of the order 55 db below the fundamental,” and also
extremely variable from tube to tube. This is caused by a partial
balance of components of opposite phase due to curvature of the plate-
current characteristics and to variations in u. From the curves of
Fig. 15 it is found that, with E, at 40 volts, E, at —35 volts and with
a peak input of 25 volts the co-planar grid tube gives a power output
of 400 mw with the second and third harmonics respectively 25 and
42 db below the fundamental. This value of output power is 2.5 times

7 Data not shown.
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that of the 104-D tube under comparable conditions. By a redesign
it might be possible, in a tube similar to the 104-D tube, to increase
the output power to about 200 mw, but even so the co-planar grid tube
would deliver twice as much power under comparable conditions.

Let us now remove the restrictions as to plate potential and plate
current that have thus far applied in this study, and consider the out-
put power from the co-planar grid tube at higher plate voltages and
plate currents. The frequently used conditions will be assumed to
apply, that the load resistance be made equal to twice the plate resis-
tance of the tube and that the second harmonie be limited to five

i
u
"
F 3
< 4
x
|
N
5
2
1
5
3
i ” e
5, A -]
3 te 250 120 | |
H £ -v 70
g B Es ” 78
w 1a AT 27 —
s e
lgtly 55 333
G A
§ L= | S
.
"
'
1
&
| a4
c e
N A
¥ 1
5
&
H
z
7l
20 100 120

w0 o 20
mPUT IN PEAK VOLTS

Fig. 16—Co-planar grid tube. E;=180 and 250 volts. Output power, second
and third harmonics as functions of peak input voltage.

per cent, that is 26 db below the fundamental. Curves giving the out-
put power and harmonics as functions of peak-input voltage are shown
in Fig. 16. The curves marked (A) are for a plate potential of 250
volts and for a total space current of 55 ma. The maximum output
power, (indicated by circle) determined by a peak-input- voltage equal
to E., is 3.95 watts with the second and third harmonics respectively
26.5 and 29 db below the fundamental. It will be observed that the
second harmonic falls off very slowly with decreasing input, while
the third harmonie falls off quite rapidly.

— m—
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The curves marked (B) show similar results for a plate potential
of 180 volts and a total space current of 33.3 ma. The maximum out-
put power in this case is 1.8 watts with the second and third harmonics
respectively 32 and 26 db below the fundamental. Here the percent-
age of second harmonic actually increases for a time with decreasing
input, reaching a maximum of 29 db. The reason for this and also for
the relatively high value of third harmonie, as previously explained,
is found in the bending over of the dynamic characteristic at low values
of grid voltage. (See Fig. 13.) The plate voltages, at which the above
values of output power are obtained, are 60 to 70 per cent of the plate
voltages necessary in three-electrode tubes to give the same power
output at the same space currents and the same levels of second har-
monic. The third harmonic is higher in the co-planar grid tube, how-
ever, for reasons given.

To facilitate ready comparison, data have been compiled in Table
I for the tubes considered in this study under various operating con-
ditions. Although above the normal operating voltage, data are in-
cluded for the 101-D and 104-D tubes at 200 volts to illustrate the
effect of increase in plate voltage on the output power of a given quality.

In this study the output power of tubes has been considered en-
tirely independently of the application of the tubes in particular
circuits. Consequently, in the comparisons made the relative magni-
tudes of the input voltage required to load the various tubes completely
have not been taken into consideration. However, it is recognized
that this factor would necessarily have to be taken into account in
determining the comparative merits of tubes for application in various
aniplifier systems.

SECONDARY ELECTRONS

Some of the reasons for the comparatively large output power from
the co-planar grid tube have already been discussed. But it also has
some other features that are of interest. One of these is the phenome-
non of secondary electron emission. One might expect the situation
to be similar to that in tubes with the outer grid positive in which,
as we have seen, the range of operation is seriously restricted by sec-
ondary electrons from the plate to the positive grid when the poten-
tial of the former is less than that of the latter. That this restriction
does not apply in this case is evident from the curves of Fig. 17a in
which plate current is plotted against plate potential for E,=60 volts
and for several values of E.,. There is no apparent distortion as the
plate potential passes through a value equal to that of the positive
grid, i.e., 60 volts. For the lower grid voltages there is some distortion
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at plate potentials between 15 and 20 volts. This point will be dis-
cussed later. That the plate does emit a copious number of secondary
electrons is shown by the curves of Figs. 17b and 17¢. In this case
both grids are held at the same positive potential and the filament
current adjusted to limit the total space current to approximately
30 ma. Here the effects of secondary electrons are very pronounced,
the plate current falling off very greatly as the decreasing plate po-
tential passes through a value equal to that of the positive grids. The
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Fig. 17—Secondary electron effects in co-planar grid tube.
(a) Plate characteristic curves for various values of E,. E,=60 volts.
(b) Plate characteristics with total space current limited to approximately
30 ma. Both grids held at the same positive potentials.
(¢) Current to the positive grids under the same conditions as in (b).

complementary character of the corresponding curves of Fig. 17¢
giving the current to the positive grids shows that the secondary elec-
trons emitted from the plate are collected by them.

The reason for the small number of secondaries from the plate to
the positive grid under normal conditions is evidently due to the shield-
ing of the latter by the field of the negative control grid. This may be
illustrated as follows: suppose the plate to be at a potential of 30
volts, the positive grid at 60 volts, and the negative control grid at
—40 volts. Then one may think of the resultant electric field between
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the grid plane and the plate as that produced by the superposition of
two components, one directed toward the plate due to the 30 volts
difference between the plate and positive grid, and an oppositely
directed component due to the 70 volts difference between the nega-
tive grid and the plate. Obviously the latter must prevail and elec-
trons from the plate find themselves in an opposing field. At low plate
potentials, with the negative control-grid potential approaching zero
and with high potentials on the positive grid, the shielding of the
latter is so much reduced that it may collect secondary electrons
from the plate. This condition accounts for the humps on the curves
of Fig. 17a at plate potentials between 12 and 20 volts. This effect
mayreduce the net plate current somewhat in this region but not enough
to impair the functioning of the tube. The effect increases somewhat
with increasing values of positive grid potential.

OTHER ADVANTAGEOUS FEATURES OF THE Co-PLANAR
Grip TuBEe

-Another advantageous feature of the co-planar grid tube is that
by placing the two grids in the same plane the necessary spacing be-
tween the filament and the plate is reduced to a distance comparable
with that in three-electrode tubes, which is effective in reducing the
tube resistance; and at the same time it eliminates a region between
the two grids affected by space charge or excessive turbulence in the
flow of electrons. In space-charge-grid tubes with the inner grid posi-
tive (as usually operated at any rate), a relatively large space current
is drawn from the filament at all times. Part of this stream of elee-
trons is collected by the positive grid; a varying proportion of the
remaining stream which flows through the positive grid, depending
on the instantaneous potential of the negative control grid, passes
through the latter to the plate; the remaining electrons are turned
back by the control grid eventually to be collected by the positive
grid. The latter thus collects not only the stream of electrons flowing
directly to it, but also a reverse stream which increases as the control
grid reduces the current to the plate.

While in the co-planar grid tube a positive grid is provided, as in
other tubes containing space-charge grids, to partially neutralize the
opposing field due to space charge near the filament, yet this effect
is limited by the varying potential of the negative control grid in the
same plane. By this dual control of the space-charge effect the action
of the positive grid, when the tube is in operation, is neutralized by
the field of the control grid when the latter is near the most negative
point in its swing and but little space current is drawn away from the
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filament. As the control grid approaches zero potential, the field of
the positive grid becomes more effective in reducing the space-eharge
field near the filament during that portion of the cyecle when a large
space current is required. Consequently, at any time only that num-
ber of electrons is drawn away from the filament that is necessary to
supply the currents flowing directly to the plate and positive grid at
the particular instant. In this case there are no reversed currents to
the positive grid. It would seem, therefore, that in comparable struc-
tures the co-planar grid tube should require somewhat smaller aver-
age values of space current than positive inner grid tubes, a fact rea-
sonably well established by experiment.

TABLE I
Type of =T+l R Gain | Power Input, v
Tube By | Be| Ee Space | Ry |—|# |y | cmwy| F2 | Fi |(Pesk Volts)
Current) Ry ¥ ‘
101-D 130 |—| — 9 8 6000 | 1 15.9 1 29.5 60 | 26.3] 48 2=FE,
o 130 | —| —13 4.5 7500 | 1 15.7 | 28.0 85 | 20 40 “
“ 200 | —| —21 9 5800 | 1 (5.8 [ 28.9( 280 | 20 38 4
104-D 130 |—| —20 23 2000 | 1 [2.5 | 26.8] 160 | 25 50--55 “
o 130 | —| —32 12 2000 | 1 (2.3 | 24.8 265 | 20 40-50 g
“ 200 | —| —49 23 2300 | 1 (2.3 | 25.7 750 | 20 40-50 “
Optimum
Three-Elec-| 130 | — | —25.3 19.5 1600 | 1 |3.0 | 29.0] 440 | 20 38 *
trode Tube
= 130 |—| —30 12 2000 | 1 2.9 | 28.0| 470 | 16 32
Positive 130 (20| —54 22.5 3300 | 1 |2.1| 22.7] 460 | 20 32 “
Inper Grid
- 130 | 15| —42 19.5 4000 | 1 |2.25| 22.8] 280 | 26 39 L
Co-planar
Grid Tube| 130 (80| —64.5 23 3700 | 1 |3.3 | 25.3| 1170 | 22.5] 21 “
“ 130 | 60| —49 23 3300 | 1 (3.25 27.1] 1060 | 21 27.5 “
“ 130 (40| —34.5 23 2700 | 1 (3.6 | 28.8] 740 | 22 36 E
4 130 (40| —35 23 2700 | 1 |13.6 | 28.9/ 400 | 25 42 25 volts
“ 250 (93| —90 55 2175 | 2 [3.35 27.7| 3950 | 26.5 29 2= E¢
O 180 |76 | —70 33.3 2780 | 2 |3.3 | 26.4| 1800 | 32 26 =

Another possible application of the co-planar grid tube is in the
use of both grids as a means of dual control. It has been found that,
under suitable conditions of operation, the input impedance to the
positive grid is sufficiently high to make this feasible for some appli-
cations at least. In this case the u action of the two grids could be made
approximately equal, which is impracticable with two-grid tubes of
either of the other types.

Other mechanical arrangements are possible, of course, in these
tubes, such as altering the relative number of turns in the two grids
and varying the diameter of the lateral wires in one grid from those
in the other. No particular advantage has been found in the latter
alternative, although it cannot be said definitely that there is no ar-
rangement of the sort for which there is an advantage.

Structurally, the co-planar grid tube has the disadvantage of
being more difficult to construct than other two-grid tubes. This
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might prove to be somewhat of a handicap to its commercial applica-
tion. But little attention has been given to such difficulties since this
study has been limited to a consideration of some of the more impor-
tant electrical properties. However, a method of satisfactory fabrica-
tion could doubtless be found. It is believed that some of the advan-
tageous electrical features of the co-planar grid tube outweigh any
difficulties in fabrication and that for some uses, at least, it may find
practical commercial application.
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THE EQUIVALENT GENERATOR THEOREM *

By
V. D. LaNnponN

(Radio Engineering Department, Westinghouse Elec. & Mfg. Co., East Pittsburgh, Penna.)

Summary—1It is proved that any electrical network with two output terminals
may be replaced by a generator and a series impedance without changing the cur-
rent in an externally connected load. The voltage of the generator is the no-load
voltage of the output terminals. The value of the series impedance is the impedance
of the unloaded network looking into the output terminals. The use of the theorem
2s tllustrated, and it s pointed out that it is valid for transient as well as steady
state conditions.

HE theorem which is formulated below has been found useful
T in simplifying the solution of many kinds of networks. While

the theory involved is not new,! it seems that the acceptance
and use of the proposition are not as widespread as its merits warrant.
Hence it is believed that the following exposition is justified..

Theorem: In an electrical network with two output terminals, the
same current will flow in an external load circuit if the whole system,
exclusive of load, is replaced by a suitable generator and impedance in
series with the load; the generator voltage being the no-load voltage of the
output terminals and the impedance being that of the unloaded network
looking into the output terminals.?

Stated in another way:

Given a network including a zero impedance generator. Let any mesh
of the network be open-circulated and the voltage measured across the break.
If a second generator having a voltage equal to the measured voltage is
placed across the break, and if the first generator is then short-circuited,
the same currents and voltages will appear as before, in that portion of the
network which was rendered inactive by the break in the circust.

* Dewey decimal classification: 537.1.

1 Thevenin’s theorem as stated by K. S. Johnson in “Transmission circuits
for telephonic communication” is the practical equivalent to the theorem stated
here. However, he limits its application to the case of a generator of simple
harmonic voltage. The present paper shows how its use may be extended %y
means of operational calculus to the case where the output of the generator is a
transient, or any other desired function of the time.

A However, the primary purpose of this paper is to extend the use of Figs. 1a,
1b, and lec.

Anyone employed in vacuum-tube circuit work should find daily use for
this simplification of conception. Nevertheless, it is believed that their use at
present 1s quite limited.

With no desire to detract from the credit due the originator, it is believed
that the descriptive name used here is more easily remembered and hence more
desirable.

2 The rigorous application of this theorem is limited to electrical networks
in which the values of the circuit elements do not change with the amplitude
of the applied voltage.

294
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Proof: If the second generator is reversed so as to oppose the voltage
across the break, then no current will flow through this generatar and
conditions are unchanged by its addition to the circuit.

However, a well-known and generally accepted theorem of electrical
networks is that that current due to each generator in a cireuit may be
calculated separately and the results added.

Hence, the currents that would occur in the inactive portion of the net-
work with the first generator shorted are equal and opposite to the currents
that would occur with the second generator shorted.

Therefore, shorting the first generator and again reversing the second
(to the connection stated in the theorem) gives the original current distri-
bution in that portion of the circuit which was rendered inactive by the
initial break. -

Although this proof is rigorous it leaves a doubt in the minds of
many. This should be cleared up by the following:

The simplest case where the theorem is applicable is shown in
Figs. 1A and 1B, Fig. 1A being the original and Fig. 1B the equivalent
circuit. The proof of equivalence is accomplished by showing that the
current in Z; is the same in each case, being equal to

E1Z2

.

VAVAR YAVAR VAYA

Fig. 1C is another useful equivalent.

Accepting the validity of the theorem for Fig. 1B, its validity
for Fig. 2 follows at once, since by the use of Fig. 1B the generator
may be shifted around the network at will as shown by the various
equivalents, Figs. 2B, 2C, and 2D.

However, this method of proof cannot be used for the generalized
unbalanced bridge circuit of Fig. 3. The generalized proof originally
given must suffice for this circuit.

An excellent example of the usefulness of this proposition is ob-
tained in the above circuit. Let it be required to find the current in
Zs. It is an exceedingly difficult thing to get at by ordinary methods.
By using this theorem it is rendered a straightforward (though per-
haps tedious) problem.

It is only necessary to solve for Es, the voltage across the break
with Z¢ open, and the I, current in a wire used to short-circuit Zs.
Then Is=Eb/[Z6+(Eb/Is)].

It should be noted that the theorem is true, not only where the
original voltage and equivalent-generator voltage are direct current
or steady state alternating current, but also where either voltage
is any desired function of time. That is, it applies equally well for
transient conditions. The following will illustrate this:
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In the circuit of Fig. 4A let the applied voltage be E,=f(t), the
voltage across the condenser being required.

Zz zd Z‘ Zs
Z‘(é:) 7, $2417,12,
A
2ty | Voo Y2
Z Z, TZ:, Z. iZ,

@)
\=
B
Z:s 24 Zs Zs
Zl Zl ZS Z7 ZS
L =4
C

Lo 24 Taw L

Z\ Z; Z_! Z‘r ZS

3 §
c D
E\Z, Tig. 2—Each of "above circuits has
Fig. 1—Ey= same value of current in Zs
Z1+2Z, E, =voltage across Z;if Z is opened
E.=RI, in circuit A "
R= E,=voltage across Zsif Z, is opened
E, in circuit A or B ]
I,=—- E;=voltage across Z;if Z; is opened
Z, in circuit A, B, or C.

Then in operational terminology

1
(1/Lp)+Cp E\Lp
E0=E1 e
R 1 R+ RLCp*+Lp
(1/Lp)+Cp
or from Fig. 4B
1/C R+L
E.=E, 1/ Z =ER+RL;21L
14
=~ 41/cp -
(1/R)+(1/Lp)
substituting Ey=E, Lp/R+Lp
Lp
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Be-iln
R+RLCp*+Lp

Thus the same operational solution is obtained by both methods.

In the above illustration the use of the theorem did not particularly
simplify the problem. It was used simply to show the applicability to
transient conditions.

R
Z Z.
Ezs % <
A A
Z; 2z R
@C
B

i

Fig. 3—Ey=E;—E; (Z, open)
I, =1,—1; (Z; shorted)

Zb=Eb/Ia E]_Lp
E, Fig. 4—E, = .
Is= . R+4-Lp
Zs+2Zy

In general the use of the theorem changes the requirements from the
solution of one problem to the solution of three, namely the calculation
of the new generator voltage and impedance and then the calculation
of the unknown using these values.

These three operations may or may not be less difficult than selving
for the unknown directly. This depends on the conditions of the
problem and the point chosen for making the break.

If the circuit is of the form of Fig. 1A, then Fig. 2B is always a
simplification when Z, has the same power factor as Z;.

e > Q< G
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FILAMENT SUPPLY FOR RADIO RECEIVER FROM
RECTIFIED 25-KILOCYCLE CURRENT*

By

Hugua A. BRowN AND Lroyp P. Morris
(University of Illinois, Urbana, Ill.)

Summary—A method of generating, rectifying, and fillering 25-kc current
for supplying filament power to ordinary d-c amplifier tubes in radio receivers is
described. The oscillator used to generate the 25-kc current was of a special design
and contained one or more UX-210 power tubes. The dry contact type rectifier unit
was used, and cathode-ray oscillograms of the output current were taken. Operating
tests were made of the performance of radio recewers.

INTRODUCTION

HE problem of heating the filaments of the amplifier and detector
T tubes of a receiving set with radio-frequency currents was under-

taken in this laboratory two years ago. Efforts to develop a
practical system utilizing currents of frequencies above those to be
tuned in by the radio receiver itself were mostly unsuccessful. Among
the difficulties encountered were interactions between frequencies in
the incoming tuned circuits and the frequency of the filament current.
Another peculiar difficulty is the tendency for a detector tube toblock
when radio-frequency current passes through its filament. After con-
siderable work a combination of adjustments could be 