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The Institute of Radio Engineers

GENERAL INFORMATION

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

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

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

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

ReprInTING PROCEEDINGS MaTERIAL. The right to reprint portions or abstracts
of the papers, discussions, or editorial notes in the PrRoCEEDINGS is granted
on the express condition that specific reference shall be made to the source
of such material. Diagrams and photographs published in the ProcEEDINGS
maynot bereproduced without making specificarrangementswith theInstitute
through the Secretary.

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

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

Published monthly by
THE INSTITUTE OF RADIO ENGINEERS, INC.
Publication office, 450~454 Ahnaip St., Menasha, Wis.

Busingss, EpITORIAL, AND ADVERTISING OFFICES
Harold P. Westman, Secretary
S__ 330 West 42nd Street, New York, N. Y.
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INSTITUTE SECTIONS

ATLANTA—Chairman, 1. H. Gerks; Secretary, Philip C. Bangs, 218 Red Rock
Building, Atlanta, Ga.
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Elected to the Associate Grade

Los Angeles, 1492 W._ 47th St.. .. ... ... .. ... ... ... . ... ... Gossard, M. G.
Lynwood, 10776 Capistrano Ave....................c.o.... Miller, F,

San Diego, USS Detroit ... ... ... ... ... ... Beard, D. C.
Twin Falls, ¢/o Radio Station KTFI......... ... ........... Cox,F. V.
Chicago, 7544 Cragier Ave........ .. ... ... ... ... Tucker, J. P.
Lausing, Lock Box 574 ....... . ... ... .. . .. Nelson, F. J.
Rockford, 412 N, 1st St.. ... ... ... .. ... .. ... ... ... ..... Bullen, C. V.
Richmond, 226 N.W_5th St............... .. 1060 0g000000ma0 Weller, W, C.
Boston, New England Tel. & Tel. Co., 8 Harrison Ave.. . ....Henry, J. M.
Detroit, 3251 Monterey. ...... .. ...t Chereton, A. B.
Detroit, Rm. 1507 Bell Bldg , 1365 Cass Ave........ ........ Coates, A. L.
Detroit, 153 E. Elizabeth St............................... Fitzner,B. J.
Detroit, 5505 Lincoln Ave,. . .. ........ ... ... ........ .. Hess, H. M.
Detroit, 12120 Elindale. . . ... ... ... . ... ... .. ...... -~ Meder,P. F.
Detroit, 3701 Hamilton Ave....................... . .... ... Waugh, J. R, Jr.
Royal Oak, 27895 Hampden. ......... .. ... ...............2 Albiston, A. W.
Royal Oak, 2174 Rosemont Rd., Berkley.. ... .............. Leedy, C. E,
Audubon, 740 White Horse Pike. .. .. ... .. ....... ... ... .. Thompson, L. E.
Camden, 1655 Park Blvd. . ...... . ... .. ... ... ... ...... Donley, H. L.
Camden, RCA Vietor Division, RCA Mfg. Co............... Evans, J.
Camden, 321 Cooper St.........oi . Flodman, L. J.
Camden, 107 Federal St.......... ... .. ... ... ............ Lawsine, L.
Camden, 210 Cooper St.. ... ... ......... . ... Roe,J. H.
Collingswood, 264 New Jersey Ave..............ooouou... Cochran, S. W,
East Orange,254 N. Grove St..... ... ... ... ... ........ Griffith, B. G.
Merchantville, Wellwood Manor. . . ....................... Harris, F, M.
Merchantville, 606 Maple Ave....... ..................... Kirkwood, L. R.
Oaklyn,35 Kraft Ave.. . ....... .. .. ... ... .. .. .. .. .. ...... Harvey, R. L.
Pennsauken, 2507 Norwood Ave.. .. ... .. ... ... ... ..... Goldsborough, T. R.
Rutherford, 234 Woodward Ave. .. .. ... ................ Webb, W. L.
Brooklyn, ¢/o E. Feipstein, 4600-6th Ave.... . ... .. ... .. .. Feinstein, 1.
New York City, 1704 Morris Ave ... ... ... .. . .. ... Vartanian, A.
Columbus, 60 Brevoort Rd....... ......._... ... .. ... MeClelland, A. C.
Molalla, Box 6............ .. . ... . . ... ... Stone, L. N.
Philadelphia, 7162 N. 20th 8¢, . ... L0 Griffith, J. C.
Philadelphia, 5833 N. Lambert St..............._ ... ...... Hoorper, G. A.
Philadelphia, 3602 E. Chestnut St.. . ... ... ... .. ... .... Rosencrank, C. A.
Upper Derby, 248 Kent Rd....... ... .................. Wright, A. .
Bremerton, 1228 Burwell Ave.. . . ........ ... . ... ..., Roos, A. H.
Velthem, Villa dela Montagne. .. .. .. ....... .. . .. ... .. .. Bernaert, A.
Windsor, Ont., 1015 Parent Blvd. . . ....... . ... ... ... .... Carter, W, J.
Abu Zabal, Marconi Wireless Station. . . ......... . ........ Nicholls, G. K.
Southend-on-Sea, Car Radio Dept.,E. K. Cole Co........... Hol bs, M.

Paris XVIIS, 8 Square du Graisivandan 8................... Kellner, O.
Berlin, ¢/o Chinesische Gesandtsehaft. . ... ........ . ........ Shih, T.

Berlin, N.\W. 87, Sickingenstr 71. .. .. .. Weth, M.
Bombay 14,99 Hindu Colony....... ... ... ... ... ... .. Kamat, V. Y.
Palermo, Radio Palermo, Piezza Bellini5...... ... ... ....... Magelli, A.
Auckland, ¢/o Radio Ltd., 1 Anzac Ave.. . ... ... ... ....... Orbell, R.

St. Asaph, Flints.,, Plas-yn-ewm,....... .. ... .. ... .. ... .. Eyton, W. T,
Quebradillas, Soler Radio Lab., Box 52.... .. ... .. ... ..... Soler, J.
Kimberley, P.O. Box 405.. .. ... ... . .. . . .. .. ... Procter, W. L.
Wynberg, Cape.," Tsuti,” Penrith Rd.. ... ......... ... ... .: Anderson, A. M, -

Elected to the Junior Grade

West New York, 425-9th St.............. ... .. ... .. ....... Einhorn, H.
Elected to the Student Grade

Menlo Park, Box 817. ... ... ... ... ... ... ... . . ... ... Tom, A,

Wilmington, 116 W 19th St..../. ... .. .. . .. . ... ... Snyder, J. G.

Gainesville, University of Florida. ... ....... .. ... ... ... .. Bailey, R. D.

Mattapan, Boston, 52 Westmore Rd. . . . ................... Rubin, M. D.

Ann Arbor, 1304 Granger............. . .10, Bowker, R. F.

BuTalo,30 Heward Ave.. ........... ... .. .. . . . .. Craib, J. F.

New York City, 318 W, 105th St.. .. ... . . ... . .. .. .. Morris, F., G., Jr.

Troy, 2151-12th St........... ... Stucky, J. B., Jr.
.......................... Kibler, P. J.

................................... Biebesheimer, W, B.

. .<Stewart, F. F,, Jr.

....Johnson, O. K.
................. McEacheran, J. S.

.............................. Paterson, J.
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APPLICATIONS FOR MEMBERSHIP

Applications for transfer or election to the various grades of membership
have been received from the persons listed below, and have been approved by the
Admissions Committee. Members objecting to transfer or election of any of these
applicants should communicate with the Secretary on or before October 31,
1935. These applications will be considered by the Board of Directors at its
meeting on November 6, 1935.

For Transfer to the Fellow Grade

New Jersey Boonton, Boonton Radio Corp.. . ..o Loughlin, W, D,
New York Great Neck, L.I., 18 Melbourne Rd..................cvvven Wheeler, H, A
For Election to the Fellow Grade
Belgium Brussels, 23 Avenue de Sumatra, Ucele 1................... Braillard, R.
England : Crowthorne, Berks., “Overdale”................
Germany Berlin Lichterfelde Ost., 6 Parallel St
For Transfer to the Member Grade

New Jersey Ampere, Wired Radio, Inc,.......ouin e innnenenniaens Walter, J. C.
New York New York c/o Hazeltine Service Corp., 333 W, 52nd St...... Harnett, D. E.
Argentina Buenos Alres International Tel.and Tel, Corp.,Defensa 143... Braggio, J. C.
Australia East Sydney, N.S.W., 85~57 Dowling St............cocvvn. Thom, F w. P,
Hungary Budapest, University "of Technical Sciences, Muegyetem. ..... Babits, V. A.
New Zealand Chnstchurch c/o New Zealand Broadcastmg Board, P.O. Box H .

20 e e e e e arrison, N

For Election to the Member Grade

New Jersey Boonton, Boonton Radio Corp.. . . ..cvoiviiiineinnnan. Franks, C. J.
Camden, RCA Manufacturing Co., Inc............. ..o s Baker, I. R.
France Paris 15,52 Avenuede Saxe. .......v.viiniiiiiiiean de Mare, J,

For Election to the Associate Grade

Arizona HoIbrook Box B e e Dargie, D. A.
California Palo Alto, 856 Middlefield Rd..............ovvvvinienunn Fontaine, G. K,
San Pedro Radio Division, U.S.S. Maryland................ Seidl, F. A.

District of
Columbia W%{scliunlsrton ¢/o Capitol Radio Engineering Inst., 1413 Park

W e e e e s Martin, W. M.

Georgia Atlanta, 871 Moreland Ave. S E................. U SURY. A Ie.\ander. . 8.
Kentucky Ashland 1314 Maryland Ct... ... .ov oot i Leachman, E. G.
Massachusetts Boston, 694 Washington St.. .. ... ... .. i Cifre, J. S.
New Hampshire Manchester, 440 Belmont St.. . ............... .. ... ... .. Rattlgan H.J.
New York Brooklyn, 55 Hanson PL,. . ... ... i Stromwall C. W,

Buffalo, 91 North Dr........... 0 i, Seeman, W. F.

New York, ¢/o Columbia Broadcasting System, 485 Madison o

AVt e ettt e e e e e Busch, W. R.

Utlca 1020 Smith Pl .. ... . Woleott, W. E,
Ohio Columbus 1042 Highland St..........0oviiieiiiiiinnnn.. Beard, C. E.
Texas El Paso, 3008 Altura BIVd. . . oo Gemoets, E. L.
Canada Ottawa, Ont 249 Lisgar St.. ..o vt e Cahoon, R. D.
China Canton Canton Municipal Telephone Administration. ...Deane, T. Y.
England London W, 3,99 Western Ave.. . ......oovvenrnnrnnn. .Oxley, R. F,

Patricroft, Ma.n H. Clarke & Co. Ltd., Atlas Works, George

St e et Whitehead, E. D.
. Portsmouth, Hants,, H. M, Signal School. .................. Gregory, D. E
India Bangalore, Dept, ofElec. Tech., Indian Institute of Science. . ..Kaul, J
- For Election to the Junior Grade
o
Towa Waterloo, 126 Reber Ave...........ovviiiinnneninnnnn... Cade, P. J.
For Election to the Student Grade

Scotland Airdrie, Lanarkshire, “Deanston”.......................... Macfarlane, G. G.
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INSTITUTE NEWS AND RADIO NOTES

s

Radio Emissions of Standard Frequency

The National Bureau of Standards provides standard frequency
emissions from its station WWV at Beltsville, Md. Beginning October
1, 1935, on each Tuesday and Friday the emissions are’ ‘continuous
unmodulated waves and on each Wednesday they are modulated by
an audio frequency, generally 1000 cycles. There are no emissions on
legal holidays.

On all schedules three radio carrier frequencies are transmitted as
follows: noon to 1 p.m., Eastern Standard Time, 15,000 kilocycles; 1:15

" to 2:15 p.M., 10,000 l\llocycles and 2:30 to 3:30 .M., 5000 kilocycles.

The accuracy of these frequencies will at all times be better than a part
in five million.

During the first five minutes of each transmission announcements
are given of the station call letters, ‘the frequency of transmission, and
the frequency of modulation, if any. For the CW emissions, the an-
nouncements are in telegraphic code and are repeated at ten-minute
intervals. For the modulated emissions, the announcements are given
by voice only at the beginning of ‘each carrier frequency transmission,
the remainder of the hour being’' an uninterrupted audio frequency.
The CW emissions are from a twenty-kilowatt transmitter and the
modulated transmissions are from a one-kilowatt set.

Information on how to utilize these signals,is given in a pamphlet
obtainable on request from the National Bureau of Standards, Wash-
ington, D. C."Reports from those using this service will be welcomed
by the Bureaii. As the modulated emissions are somewhat experimental
it is particularly desired that users report their experiences outhmng
methods of utilization, information on relative fading, intensity, ete.,
on the three carrier frequencies and preferences as to the audlo fre-
quency to be furnished.

Committee Work

Apmissions COMMITTEE

The Admissions Committee met on September 10 in the Institute
office and those present were Austin Bailey; chairman, R. A. Heising,
L.C.F. Horle and H. P. Westman, secretary. Three apphcatlons for

_admlssmn and two for transfer to the Fellow grade were approved. Of
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six applications for admission to the grade of Member, three were ap-
proved, two were tabled pending additional information, and one was
denied. Nine applications for transfer to the grade of Member were
considered Six of these were approved and the remaining three were

denied. ]
SEcTiONs COMMITTEE

The annual meeting of the Sections Committee was held in the
Hotel Statler in Detroit on July 1. This was during the Tenth Annual
Convention and those present were C. J. Banfer, A. B. Buchanan,
H. L. Byerlay, E. D. Cook, Alfred Crossley, E. C. Denstaedt, William
Dent, G. E. Frater, H. 8. Gould, V. M. Graham, R. A. Hackbusch,
George Lewis, Knox Mcllwain, B. B, Minnium, L. M. Price, F. H.
Rousch, F. E. Terman, Irving Wolff, and H. P. Westman, secretary.

An:analysis of the membership and the number of meetings held
by each section was made and considered to indicate satisfactory con-
ditions. Financial reports were reviewed and because several sections
did not submit these reports it was recommended that the Board of
Directors authorize the secretary to withhold future rebates on both
members and meetings to those sections which do not submit financial
reports when they are due.

A general discussion was held on the subjects of obtaining appli-
cations for transfer to higher grades from members who are qualified
for increases in membership rating and possible sources of new mem-
bers. v )

. STANDARDIZATION

TrcaNIcAL COMMITTEE ON RaDpIo RECEIVERS—IRE

A meeting of the Technical Committee on Radio Receivers was
held on July 11 in the Institute office and those present were H. A.
Wheeler, chairman, C. B. Aiken, L. F. Curtis, E. T. Dickey, J. F.
Dreyer, M. T. Smith (representing A. E. Thiessen), and H. P. West-
man, secretary.

This was the first meeting of the committee and its organization
and scope of operation were considered in detail. It was agreed that
several subcommittees be appointed to work on the various portions
of the existing report. In anticipation of this, the report was reviewed
in a general way for the benefit of the subcommittees.

TrcuNicaL COMMITTEE ON TRANSMITTERS AND ANTENNAS—IRE

The Subcommittee on Transmitters operating under the Technical
Committee on Transmitters and Antennas of the Institute met at the
Institute office on August 9. Those present were D. G. Little, chair-
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man, H A. Chinn (representing A. B. Chamberlain), E. B. Ferrell
E. G. Ports, D. 8. Rau, and H. P. Westman, secretary.

At this meeting the committee reviewed all of the existing material
on transmitters and prepared a final report for submission to the
Technical Committee on Transmitters and Antennas.

TecENIcAL CoMMITTEE ON ELECTRONICS—IRE

The Subcommittee on Electron Beam and Miscellaneous Tubes of
the Technical Committee on Electronics met at the RCA Radiatron

plant in Harrison, N. J., on September 9. Those present were- ‘G. F.

Metcalf, chairman, H. N Blackmon (representing Lee Sutherlin),
A. B. DuMont, M. 8. Glass, Ben Kievit, Jr., T. B. Perkins, B. J.
Thompson, and H. P. Westman, secretary.

The committee devoted its time to the preparatlon of definitions
applying to cathode-ray tubes.

Institute Meetings
BosToN SECTION

The annual meeting of the Boston Section was held on May 24 at
Massachusetts Institute of Technology and the meeting was presided
over by E. L. Chaffee, chairman. Fifteen were present at the informal
dinner which preceded the meeting and 100 were in attendance at it.

Two papers were presented at this meeting, the first being on “An
Investigation of the Radiation of Sound from an Intense Source” by
W. M. Hall, an instructor in the Commumcatlon Division of the
Electrical Engineering Department of Massachusetts Institute of
‘I‘echnology The second paper was “An Investigation of the Carbon
Microphone” by D. N. Truscott, Commonwealth Fund Fellow of
Massachusetts Institute of Technology.

In the election of officers, E. L. Bowles, Professor of Electrical
Engineering at Massachusetts Institute of Technology was designated
chairman; H. R. Mimno of Harvard University was named vice chair-
man; and R. G. Porter, Associate Professor of Electrical Engineering
of Northeastern University was re-elected secretary-treasurer.

DeTrOIT SECTION

The May meeting of the Detroit Section was held on the 24th
with A. B. Buchanan, chairman, presiding. It was held in the Detroit
News Conference Room and was attended by forty-five members and
guests.
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A paper on “Experiments in Nuclear Physics” was presented by
E. R. Gaerttner, graduate research student of the physics department,
University of Michigan.

He pointed out that the study of the atomic nucleus is particularly
interesting because the energy of the atom is contained in the nucleus.
The disintegration of an atom results from bombarding it with hydro-
gen ions or protons, heavy hydrogen ions or deutrons, and doubly
ionized helium ions or alpha particles. These are accelerated by passing
through a field of about a million volts to produce greater ionic cur-
rents than can be obtained from radioactive materials. Neutrons
which are of nearly the same mass as hydrogen but have no electrical
charge and gamma rays which are very hard X rays may also be used
for disintegrating atoms.

Several methods were outlined for obtammg high direct voltages
to impart to the ions the necessary velocity to break up the atom. The
particles given off as a result of this bombardment can be made to
effect electrical ciréuits and records made of the rate at which they are
emitted.

The June meeting of the section, also held in the Detroit News
Conference Room and presided over by Chairman Buchanan, was on
the 21st. Sixty-five were present and twenty attended the informal
dinner which preceded it.

E. C. Denstaedt, Supervisor of Radio of the Detroit Police Depart-
ment presented a paper on “Progress in Ultra- ngh Frequency Com-
munication Fquipment.” In it he reviewed present police equipment
and discussed the need for two-way communication apparatus by both
police and fire departments. The older two-way equipment using
modulated oscillators for transmission and superheterodyne receivers
was described and its limitations shown. Some recently developed
equipment was described and demonstrated and included a seven
and one-half-meter superheterodyne receiver as well as a superregener-
ativerand a tuned radio-frequency receiver for the same frequency
range. These receivers used the acorn type pentode tubes and were
decidedly better than the average superregenerative receiver when
used at a fixed station. They were not used in automobiles.

A number of those present participated in the discussion and the
meeting was terminated with an inspection of various transmitters
and receivers which were on display and a demonstration of a portable
car transmitter.

-
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SaN FrRANCISCO SECTION

The San Francisco Section met at the Bellevue Hotel. The meeting
was precided over by Robert Kirkland, vice chairman, and attended
by fifty-four. Twenty were present at the informal dinner which pre-
ceded the meeting. ‘ ‘

A paper on “Performance, Tests, and Trends of Loud Speaker
Design” was presented by H.S. Knowles, Chief Fngineer of the Jensen
‘Radio Manufacturing Company. He discussed first some of the funda-
mentals of speech and sound and their effect on Joud speaker design.
He then described methods used to test loud speaker performance and
analyzed typical response curves pointing out reasons for the varia-
tions in response with frequency. The polar characteristics were men-
tioned. Recent trends in loud speaker design especially in regard to -
high fidelity reproduction of speech and music were then covered.

Ralph Sherman, chairman of the section, who has recently changed
his business address found it necessary to resign and a new slate of
officers was chosen. Robert Kirkland of the Mackay Radio and Tele-
graph Company, formerly vice chairman, was elected chairman;
V. J. Freiermuth of the Pacific Telephone and Telegraph Company,
formerly secretary-treasurer, was named vice chairman; and Henry
Tanck of RCA Communications, Inc., was elected secretary-treasurer.

Personal Mention

C. R. Banks has become a test engineer for the RCA Manufacturing
Company, Camden, having formerly been connected with the De
Forest Radio Company. '

W. J. Cahill, previously with Radio Receptor Company, is now at
vhe Naval Research Laboratory, Anacostia, D. C.

0. H. Caldwell is now cditor of a new publication “Radio Today”
in New York City, having formerly been associated with the McGraw-
Hill Publishing Company. :

Formerly with H, H. Horn Radio Manufacturing Company, D. D.
Dressen is now a geophysical engincer for the Rieber Laboratory of
Los Angeles, Calif. ’

W. B. Goulett, Lieutenant, U. S. N, has been transferred from the
U. 8. S. Arizona to the Bureau of Engincering in Washington, D. C.

C. F. Holden, Licutenant, U. 8. N, has been transferred from the
U.S. 8. Tarbell Lo the Naval Radio Station, Wailupe, Oahu, T. H.

C. J. King, Jr., Lieutenant, U. 8. A., has been transferred from
Fort Monmouth to West Point. .
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H. M. McClelland, Captain, U. 8. Air Corps, has been transferred
from Coronado, Calif., to Montgomery, Ala.

R. G. H. Meyer, Lieutenant, U. S. A., is now at Fort Lewis, Wash.,
having previously been at Fort Sam Houston, Texas.

G. M. Neely, Lieutenant, U. S. N., has been transferred from
Washington, D. C. to the U. 8. 8. Roper basing at San Diego, Calif.

Previously with Lear Developments, Inc., E. H. Potter has joined
the radio engineering staff of the RCA Manufacturing Company of
Camden, N. J.

L. F. Pries is now with the Wurlitzer Grand Piano Company of De
Kalb, Ill., having formerly been employed by the Colonial Radio
Shop.

C. W. Richard, civilian radio engineer for the U. 8. Air Corps, has
been transferred from Fort Monmouth to Chanute Field, Rantoul, I1L.

F. X. Rettenmeyer has left Bell Telephone Laboratories, Inc., and
joined the engineeting staff of RCA Manufacturing Company, Cam-
den, N, J.

L. C. Smeby has left KSTP and has become technical supervisor
of WXYZ in Detroit.

Previously with All-American Cables, H. O. Storm has joined the
engineering staff of Globe Wireless Communications in San Fran-
cisco.

L. E. Swedlund, formerly with Westinghouse Electric and Manu-
facturing Company, has joined the research and development labora-
tory of the RCA Manufacturing Company, Harrison, N. J.

R. A. Wood of RCA Communications has been transferred from
Point Reyes to Huntington Beach, Calif.

A. C. Wooldridge has left American Radio News to become a trans-
mitter design engineer for Lear Developments.

R. A. Woolverton, Captain, U. 8. A., has been transferred from
San Francisco, Calif., to Omaha, Neb.

—— > O <O <
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AUTOMATIC FREQUENCY CONTROL*

By

CHARLES TRAVIS

(Formerly RCA License Laboratory, New York City: now, Phileo Radio and Television
Corporation, Philadelphia, Pennsylvania)

Summary—A system is described for electronic control of the local oscillator
frequency in a superheterodyne receiver for the purpose of centering the signal carrier
in the intermediate-frequency band in spile of inaccuracies of manual tuning and
oscillator drift. The system consists of two parts, a discriminator for converting
frequency departures into direct voltage differences, and a conlrol circuil for converl-
ing voltage differences into reactance variations of the oscillator circuit. The system
thus tends automatically to control the intermediate frequency produced, so that mal-
adjustments which otherwise would produce serious alignment errors will result in
actual error of only a few cycles. The system also makes practicable remote tuning
control and other simple mechanical tuning methods.

HIGH degree of selectivity in a receiver is of no great value
A unless it is possible to tune the set with a corresponding degree
of fineness or accuracy and thereafter to maintain this accuracy;
indeed, if the tuning is very inadequate the high selectivity may be
worse than useless. In the all-wave set, selectivity has been effectively
increased fifteen to twenty times over that usual for broadecast recep-
tion, merely because the received frequencies have been increased by
that amount without changing the intermediate-frequency band width;
t twenty megacycles the nominal ten-kilocycle intermediate-frequency
band is only 0.05 per cent of the base frequency. To meet this increase
in selectivity in present-day receivers manual tuning means have been
improved by the employment of more smoothly working speed-re-
ducing movements to operate the variable condenser gang, but the
maintenance of proper tuning, after the station signal has once been
correctly brought in, is a problem that has as yet no satisfactory solu-
tion. Oscillator drift, if not corrected by more or less frequent manual
readjustment, is capable of mistuning the signal by many channels in
the course of a few hours’ run.
In the broadcast band, conditions are quite as serious if quality of
reproduction is a consideration, and the trend in high fidelity is bringing
the same problem up in another form. It seems to be true that the aver-

* Decimal classification: R361.2. Original manuscript received by the Insti-

tute, May 10, 1935. Presented before Tenth Annual Convention, Detroit, Mich.,
July 1, 1935.
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age listener does not tune his set well enough to obtain the best quality
it is capable of giving, partly from negligence, and partly from lack of
the necessary skill, in which case the mechanical design of the set isa
possible contributing factor.

These considerations, among others, indicate a need for some way
of supplementing the accuracy of manual tuning by more or less auto-
matic means—some method of bringing the signal carrier precisely to
the center of its intermediate-frequency band and anchoring it there
in spite of small original maladjustments of tuning or others that sub-
sequently arise from thermal changes and the like. This would be the
function of an automatic frequency control system such as this paper
describes.

In addition to the field of usefulness just pointed out, in connection
with a manually tuned receiver, the automatic frequency control sys-
tem would have a further application to sets with various forms of
mechanical tuning—remote control or automatic station preselection.
These tuning devices, unless very finely (and expensively) made, are
likely to be inadequate from the standpoint of accuracy of tuning.
Automatic frequency control would provide this accuracy after the
mechanical device had roughly performed the selection of the signal.

An automatic frequency control system will consist of two distinet
units; a frequency discriminator or frequency sensitive detector that
generates a bias varying with changes of the intermediate-frequency
signal carrier frequency, and a control unit that is acted upon by this
bias, and whose function is to vary the local oscillator frequency ac-
cordingly. The two units are so coérdinated that if the Intermediate-
frequency carrier tends to move away from the mid-band position, the
oscillator frequency changes sufficiently to restore proper alignment.
A close analogy to the operation of an automatic volume control system
is to be noted.

At this point the system may develop along either of two radically
different lines. The diseriminating unit will necessarily be electronic (a
tube or tubes), but the control unit may be an electronic device or al-
ternatively a mechanical device, clectrodynamic in nature. Prior art
discloses means for varying oscillator frequency by the use of what is
essentially a direct-current meter movement, deflection of which varies
certain physical elements of the oscillating cireuit. A relay of some kind
will accomplish the same purpose.

While electronic methods have likewise been disclosed in prior art,
it appears that the inefficiency of the proposed methods or inherent
limitations, in one way or another, have rendered them impracticable
for use in conjunction with the present wide band receiver. It is only
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with the development of circuits capable of swinging the oscillator
frequency by many parts per hundred that the electronic method has
been put into a position to compete with the electrodynamic method.

With the two ways of accomplishing the purpose put upon an equal
footing in regard to range and sensitivity, it is far too early to predict
which one will meet with the more gencral acceptance. The not-too-
optimistic engineer will foresce that either method will bring out dif-
ficulties; therc are many ways in which an electrodynamic device can go
wrong, and there are just about as many ways in which electron tubes
can do likewise. Tt seems that only parallel development of the two will
indicate which is better.
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The electronic method has the initial advantage that it adds no
additional moving parts to the receiver. In rebuttal it can be pointed
out that the modern receiver already has mapy mechanical move-

Juents, in the variable condenser gang and band changing switeh, in

the level and tone controls, and in some instances in an intermediate-
frequency band width control. In fairness it must be pointed out, how-
ever, that these devices are not automotive, and their possible rugged-
ness is limited only by the strength of the prospective user.

The writer therefore holds no brief for one method against the other.
The electronic method alone is discussed here because of the peculiar
nature and interest of the problems arising; if parallel study of the
mechanical method is to be made it likewise will be in order to describe
this separately.

In the development of the system here described the form taken by
the discriminator is fairly well erystallized. A differential rectifier is
used, following closely a disclosure by Round.* A schematic diagram of
the present circuit is shown in Fig. 1, with a variant in Fig. 2.

1 U. S. Patent 1,642,173. '
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A single side rectifier with a single off-tune circuit in its input might
be used, operation taking place upon the sloping side of a resonance
curve, but such a device is open to the objection that the signal am-
plitude would affect the center value of the bias output. Accordingly
the differential circuit shown in Figs. 1 or 2 is to be preferred.

o 2nd
Det

A5, AFC
bias

Fig. 2

Two similar intermediate-frequency transformers have their pri-
maries P; and P, connected in parallel in the plate of a driver tube 7%
(type 78 or 6D6), and this composite primary is tuned to the mid-
intermediate frequency. The secondaries 81 and 8,, loosely coupled
to the primaries, are tuned to different frequencies, lying above and
below the mid-frequency by equal amounts. To help decouple the
secondaries from each other and so to cause them to act like isolated
single tuned circuits, the primary is damped by the shunt resistance
R, of the order of 0.1 megohm. In Fig. 2 an automatic volume con-
trol diode is driven from the primary, and the diode load takes the place
of R1. ,

The secondaries S; and S, are each connected into one of the plates
of a double diode 7, (at present a type 85 with triode section unused).
The cathode of this tube is “floating” for direct current; one diode re-
turn connects to ground or to a point of fixed potential determining
the initial bias, and the automatic frequency control bias output is
taken from the other diode return,

The output of this detector. is the algebraic difference between the
rectified outputs of the two diodes. If the intermediate-frequency car-
rier is off center frequency towards the resonance of Si, diode D; will
produce the greater output ‘of the two and the generated automatic
frequency control bias will be negative with respect to the initial value.
Conversely if the carrier is off in the other direction the reverse will be
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true. When the carrier is exactly aligned the bias will equal the initial
value. ‘ '

The use of two primaries in parallel in the coupling transformer is in
the nature of a short cut in building a receivet in the laboratory. It
was found convenient to use two ready-made intermediate-frequency
transformers for the purpose, each in its own shield can and each with a
pair of tuning condensers. This might still be convenient on a produc-
tion basis, but it would probably be more economical in every way to
use 2 single three-coil transformer with the primary in the center.

The circuit variation of Fig. 2 differs from that of Fig. 1 only in that
o 6E7 is used as a driver, with its diodes coupled into the primary of
the automatic frequency control transformer to generate automatic
volume control bias. There is thus a higher carrier input into the
automatic volume control rectifier than into that for automatic fre-
quency control, which is desirable, and a considerable voltage delay
may be used on the automatic volume control diodes.

One advantage of obtaining the automatic volume control bias in
this manner is, that the signal modulation into the second detector is
not distorted by the demodulation produced by the automatic volume
control diodes, and as the second detector is relieved of its automatic
volume control function the engineer is free to use any type of detector
that best meets other design requirements.

The point at which the grid of the automatic frequency control
driver tube is connected into the intermediate-frequency amplifier is
determined by the following considerations. This driver tube must be
connected to a point where the carrier strength is held nearly constant,
so that in the circuit of Fig. 1 it must be connected to the input of the
second detector and automatic volume controlft‘ube, as is shown sche-
matically in the figure. If the automatic frequency control driver also
drives the automatic volume control rectifier, as in Fig. 2, its putput
is automatically held nearly constant no matter where it is connected,
and the connection point may well be farther forward in the intermedi-
ate-frequency amplifier, at the primary or secondary of the transformer
preceding the last intermediate-frequency tube. This has the merit of
giving a broader channel for the automatic frequency control and the
automatic volume control than for the audio detector. In either circuit,

_ care must be taken to avoid premature overload of either the automatic

frequency control rectifier or of the second detector as the case may be.
In Fig. 1 the input to the grid of the automatic frequency control driver
will have to be considerably attenuated, as by a capacity voltage di-
vider as shown. In the connection of Fig. 2, the gain of the last inter-
mediate-frequency stage will most likely have to be considerably de-
creased to avoid second detector overload. ‘
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When the bias output of the automatic frequency control rectifier

-is plotted against intermediate-frequency carrier, there results an S-

shaped curve similar to those shown in Fig. 3. The theoretical form of

the curve may be found by constructing two similar resonance curves,

staggered by an appropriate amount, and taking the algebraic differ-

ence between their ordinates as the ordinate to the required dis-

criminator characteristic. Actual curves are found to approximate the

. theoretical very closely, differing only at the two extremities where the
‘ effect of intermediate-frequency selectivity enters.
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Figs. 3 and 4.

Other things being equal, maximum automatic frequency control
sensitivity is obtained when this curve has the greatest slope. This
occurs when the two secondaries are so tuned that points of maximum
slope on their individual resonance curves are made to coincide. The
point of maximum slope on a resonance curve occurs at a frequency
interval from resonance equal to \/2 Fo/4 Q, where F, is the resonant
frequency and Q has its usual connotation of the ratio of wL:R. Hence
maximum slope of the discriminator characteristic occurs when the
two secondary resonant points are separated by \/2 Fo/2 Q. However,
a greater range of control is obtained when somewhat more separation
is used, without greatly reducing the slope of the curve, and it seems
that a separation equal to Fo/Q is about optimum.
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The three curves in Fig. 3 correspond to three different amounts of
separation between the secondary resonant frequencies, the particular
ones chosen being shown in their relation to a single resonance curve in
Fig. 4. The ordinates of Fig. 3 are shown to scale with the resonant
response (rectified output) of a single secondary and diode as unity. In
solid line the curves show the response of the discriminator alone, un-
modified by preceding intermediate-frequency selectivity, and the
dotted lines in curve B indicate the manner in which the preceding
selectivity brings the response rapidly to zero at the edges of the band.

At 450 kilocycles an effective @ of 100 may be attained, representing
a very good intermediate-frequency coil with a Q of 200 alone, reduced
to half the latter value by the presence of the diode loading. Then the

Gapocxty —

Frequency —

Fig. 5

optimum separation of the secondary resonancg is 4.5 kilocycles, and
the peaks on the corresponding characteristic (curve B) are about 5.4
kilocycles apart, fitting the curve nicely into the usual intermediate-
frequency sclectivity band. To attain the above sharpness the diode
leak resistances must be made high (up to 0.5 megohm) and the coils
must have lessinductance than thoseof the usual highgain intermediate-
frequency transformer (or cquivalently they may be tapped).

Before considering in detail the control unit forming the remainder
of the complete system, it may be well to digress briefly to explain the
manner in which the system operates as a whole, in order to anticipate
some of the requirements imposed upon the control circuit.

The control circuit varies the oscillator frequency, and this varia-
tion may be thought of as if due to a variation in capacity. Actually the 4
control circuit might happen to reflect an inductance rather than a
capacity acrogs the oscillator tank, but the suggested viewpoint puts
g]l variations of the tank circuit reactance into quantitics of the same
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kind. In Fig. 5 ordinates are thus taken as tank cireuit capacity and
abscissas as frequency, either of the oscillator or of the intermediate-
frequency carrier, for the two differ by a constant amount, and fre-
quency variations alone need be considered.

The total tank ecireuit capacity may be considered to consist of two
parts: that part physically present as in the variable tuning condenser,
and that part reflected by the control circuit. The latter is a function of
the intermediate-frequency carrier and is represented by the curve a, b,

c1 dy of Fig. 5. This curve is similar in shape to the characteristic of -

the discriminator, as shown in Fig. 3.

The relation between oscillator frequency and total tank capacity
is nearly linear if only a narrow band is in question, and is expressed by
the straight line AOB in Fig. 5.

A third curve, plotted with ordinates equal to those of A0B minus
(algebraically) those of a, by ¢1 d; expresses the capacity physically
present (for physical capacity equals total minus reflected). This is the
curve A ap by ¢» ds B. This curve may be thought of as relating dial
setting and oscillator frequency.

Where the last-named curve slopes upward from left to right, be-
tween a» and b,, and between ¢, and d,, stable operation cannot take
place, for an increase in oscillator and intermediate frequency produces
a decrease in total capacity through the control action, which produces
a still further increase in frequency and so on. Conversely, operation
is stable where the curve slopes from right to left, in the segment b, a;
da Ca.

Accordingly, when a carrier is tuned in, say by decreasing the vari-
able condenser capacity, the change in oscillator frequency is normal
until the point a, is reached. At thig point a sudden jump in frequency
oceurs to a;. Thereafter operation is stable until C2 is reached, at which
point there is a second jump to ¢s. In tuning in the opposite sense,
starting at B and throwing in capacity, frequency jumps oceur at d,,
to da, and at bg, to ba.

The ratio of the slope of a3 d; to that of a, d, represents what may be
called the sensitivity of control; it is the ratio of the amount of fre-
quency shift due to extraneous causes that might take place without
control, to that actually taking place when the control is operative. It
is possible to attain a sensitivity of several hundred, so that a malad-
justment that would otherwise produce an alignment error of several
kilocyeles will result in an actual error of only a few cycles.

For the control unit, several circuit forms have been devised, which
are shown schematically in Figs. 6, 8, 9, and 10. In the ‘Ppresent stage of
automatic frequency control development in this laboratory the last

T et ey = oo~ i
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one is preferred, but the ones it has superseded are described to illus-
trate some of the limitations possessed by certain forms of circuit.
Moreover, these circuits may have practical application within their
limitations, as described more fully in the case of the one shown in Fig.
6. The chief difficulty has been to find a circuit that will function upon
an oscillator tunable over a wide frequency range by means of a variable
condenser.

Certain desiderata of the control circuit are the following: It is
desirable that the operation of the circuit should not affect the ampli-
tude of oscillations but should act to vary frequency only. To make for
sensitivity, a large change in frequency should be produced by a small
change in control bias, and this relation should hold over a sufficient
frequency interval to take care of the greatest amount of unwanted
mistuning or oscillator drift that will ordinarily be met with. If there

oscillator ' _{ Control Tube

Fig. 6

is a variation in sensitivity and range over a particular wave band, it is
desirable that both should be greater at the high-frequency end of the
band, where mistuning and oscillator drift are more serious.

A circuit that has been very useful in experimments with frequency
centrol is shown schematically in one of its forms in Fig. 6. For pur-
poses of automatic frequency control as here considered this circuit has
been superseded by others to be described below, but reference is made
to it here because of its possible application for other related purposes
where its inherent limitations are not important. For example, it forms
a satisfactory frequency “wobbulator” for observing selectivity curves
with the aid of the cathode-ray oscilloscope; for it can be designed to
give practically linear frequency modulation, free from amplitude
modulation, over a range sufficient for this purpose.

In this circuit the plate resistance of a tube is connected in series
with a reactive element to the high potential side of the tank circuit.
The reactive element is preferably a condenser, and is so shown in Fig.
? as condenser C;, but it may alternatively be an inductance, which
further might take the form of the leakage inductance of a coil loosely
coupled to the tank coil. : ¢




1134 Travis: Automatic Frequency Control

When the R, of the tube is made numerically equal to the re-
actance, and varied by small increments about this carrier value, the
effective shunt reactance across the tank circuit varies but the resist-
ance remains constant. In other words, the series combination of a
fixed reactance and an (approximately) equal variable resistance is
equivalent to a shunt combination of a variable reactance and a fixed
resistance. The equivalent forms are shown in F ig. 7.

Ix
%maa ZR% %J‘ZX(H»ATQ)
. (@) (b)

(a) and (b) are equivalent when R — X
Fig. 7

The tank circuit is thus shunted by 2R, (fixed) and an equivalent
condenser (1 —AR,/R,)C./2, in which AR, is the variation of the tube
resistance from its center valye R,. A ten per cent change in R, will
thus change the tank circuit capacity by five per cent of ('}, which will
produce a greater or smaller frequency change depending upon the
value of the physical fixed tank condenser C. The variation in R, is of
course brought about by the automatic frequency control biag applied
to the control grid of the tube.,

This circuit has the limitation that it cannot be applied successfully
to an oscillator that is to be tuned over & band of frequencies. To make
use of it in a radio receiver the latter would need to have two cascaded
intermediate-frequency systems to provide one nominally fixed fre-
quency oscillator for the cireuit to operate upon. Such a double inter-
mediate-frequency superheterodymne receiver is of course a possibility,
but does not appear attractive unless this design has advantages addi-
tional to permitting frequency control.

There is an additiona) limitation to the use of the circuit of -‘Fig. 6.
At low frequencies inconsiderable frequency variation is obtainable,
and at high frequencies the output capacity of the tube acts to dilute
the variations in R,. With the usual receiving tubes the circuit is found
to be limited in usefulness to frequencies ranging from about one to
two megacycles.

Circuits that are better adapted to automatic frequency control
make use of a radically different principle. The plate of a control tube
is coupled into the high potential side of the tank circuit, and the grid
of the tube is excited b y avoltage ninety degrees out of phase with that
abpearing across the tank circyit, Several ways of obtaining this out-
of-phase grid voltage are shown in the remaining figures. The plate

e e s e e i
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current in the control tube is then likewise out of phase with the tank
voltage, and accordingly the tube looks like a reactance to the tank
circuit. The magnitude of this effective reactance varies according to
the automatic frequency control bias impressed upon the control
grid of the tube, as this varies the G, and proportionately the magni-
tude of the plate current.
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One method of obtaining the out-of-phase excitation for the grid of
the control tube is to take off the voltage across a resistance in series
with the tank coil or condenser. This is shown schematically in Fig. 8.
If E, is the tank voltage, the voltage across It is

E()R'
E1 = ——— ; .

R + joL .

The plate current I,, considered as flowing into the plate of T’y is
E.RG
Ip:EIG’IrL:__'_ - e
\ R + joL
and the tube looks to the tank circuit like an impedance
. Ey R + jwL
Lo = — = —— .
I, RG..

This neglects the presence of the plate resistance of 7', which is justi-
fiable in that T, will be a screen-grid tube.

The presence of Z, in effect multiplies the LR arm of the tank cir-
cuit by the factor 1/(1+ RG..) and changes the frequency in the ratio of
VI+RGn

A practical value of 2 for a broadeast band oscillator is 100 ohms.
With (,,=1000ua/v, the frequency change is +/1.1:1, or about five
per cent. This permits a variation of +25 kilocycles at one megacycle
which would seem ample for the present purpose.
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This circuit has the merit that the tuned impedance of the tank cir-
cuit is not affected by the control action. The tuned impedance is
L/RC and L and R are effectively changed by the same factor by the
action of the control tube. On the other hand, the fact that L/R is ap-
preciably constant causes the tuned impedance to vary widely when C
is varied in tuning over a band, and the amplitude of oscillation varies
accordingly if the oscillator has simple magnetic feedback. This possi-
bly might be corrected by the use of series capacity feedback, but the
possibilities of the circuit have not been sufficiently investigated to
answer this question.

Oscilletor Control Tube

e ]
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s AR
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H

Fig. 9

It may be remarked that the series resistance R may be placed in
the capacitive leg of the tank circuit instead of in the inductive leg as
described. In this case the control tube will effectively appear as a re-
sistance capacity arm across the tank circuit, and increase in the G,
of the control tube will lower the oscillator frequency. The action of the
circuit is otherwise quite the same as that in which the resistance is in
the inductive leg.

Another method of obtaining the out-of-phase grid voltage is the
following: If the plate impedance of the oscillator tube is very high, and
stray admittances from plate to cathode are negligible, the current
flowing in the external plate circuit is in phase with the tank circuit
voltage. A reactive element in the plate circuit will therefore develop
an out-of-phase voltage which may be impressed upon the grid of the
control tube. A circuit utilizing this principle is shown in Fig. 9, in
which the reactive element is the condenser C, in series with the oscil-
lator tickler winding.

To develop the theory of this circuit, let the mutual conductance
of the oscillator tube 7, be , and that of the control tube T, be G;
and let the reactive coupling element be generalized as an impedance

Zy. If the tank ciredit voltage is Fy, the current 7, flowing out of the
plate T} is _ =

Il = - EuGl
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and the voltage E, across Z, is
E1 = - EOG1Z1. '

The plate current I; in the second tube T, flowing out of the tank
circuit and into the plate, is

I2 = + E1G2 = E0G1G2Z1
and the tube appears as an impedance
E, 1/ 1
Zo= 2= — ._( .
I, I\ GG

The effective impedance of the plate of T'; is then the negative recipro-
cal of the coupling impedance, with respect to a resistance product
1/G1G.. A condenser such as C thus reflects as a negative induetance
—(,/G1@-; a positive inductance reflects as a negative capacity; and a
negative inductance, which may be realized by using the mutual of a
transformer for Zy, reflects as a positive capacity. Any resistive element
in Z, reflects as a negative resistance or conductance and tends to aid
the feedback of the oscillator tube T'.

It seems preferable to make use of a condenser for Z, for this causes
the control tube to give inductance variation and realizes a range and
sensitivity of control which are proportional to frequency over each
particular tuning band. If an inductance were used for Z; the circuit
would give a capacity variation and range and sensitivity would be
proportional to the cube of frequency.

In the idealized case this circuit would be capable of changing fre-
quency from an original maximum determined by the physical L and
C of the tank circuit, down to zero frequency, for the reflected negative
inductance in shunt to that physically present may indefinitely increase
the total inductance. In practice an extremely wide frequency coverage
is obtainable, thirty per cent or more of the center frequency.

It has been found however, that the circuit does not fulfill expecta-
tions over the whole wave band covered by the tuning dial. The assump-
tion that the whole oscillator plate current flows through Cy, i.e., that
the plate impedance is high and that there are no strays to ground, is of
course only very roughly tenable. Actually the coupling impedance is
not merely C; but instead is a complicated network, involving the tank
circuit reflected by the tickler coil, the leakage inductance of the latter,
ste. Unforeseen resonances probably occur; what is observed is that at
the high-frequency end of the band the system breaks into violent self- |
maintained frequency modulation. Apparently the two tubes alternate
in the role of oscillator, and the generated frequency is different for the
two modes. :
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This effect can be avoided by making C, larger, or reducing the
maximum value of G, either acting to reduce sensitivity. A more logi-
cal method is to decouple condenser C; from the tank circuit by using
an electronic coupled oscillator; this gives rise to the circuit shown in
Fig. 10.

Oscillator Control Tube

6C6

Fig. 10

Here the oscillator is a 6A7 tube, with normal electrode voltages.

Grid 4 is not used, and is by-passed to cathode and given a fixed bias of
—3 volts. Condenser C; coupling to the grid of 7', is placed in the plate
circuit of the 6A7, with parallel feed around it through a radio-fre-
quency choke. The mutual G, of the above analysis is now G,. (1—p1),
and, if desired, frequency variation could be brought about by changing
the bias on grid 4, as well as that on the control grid of 77,.
It is conceivable that with proper choice of constants, C; and the
parallel choke might be replaced by the primary of an intermediate-
frequency transformer, and a radio-frequency signal introduced upon
grid 4, thus permitting the 6A7 to act as a combined converter and con-
trolled oscillator. It is apparent however, that automatic volume con-
trol bias could not be used upon the signal grid, which is a disadvantage
in the usual case where large antenna inputs must occasionally be
handled. For this reason it seems preferable to use a separate oscillator
and converter.

A variant of Fig. 10, (not illustrated), consists in the substitution of
an ordinary screen-grid tube for the 6A7, using the screen for the oscil-
lator anode and the plate for the electronically coupled output anode.

In Figs. 8 to 10 the oscillator and control circuits only have been
diagramed, omitting the coupling to the mixer tube. This latter may
take the form of an extra winding in the cathode circuit of the mixer, or
perhaps a better way is to use a 6A7 for the mixer, with No. 1 grid con-
nected directly to the grid of the oscillator. In this case No. 2 grid may
be connected to cathode. With this connection it will probably be found
that band coverage suffers .;rom the high minimum capacity of the
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oscillator circuit, for the tank condenser will be paralleled by the input
capacity of the mixer tube and the output capacity of the control tube
in addition to the usual oscillator input capacity. To decrease the effect
of this additional stray capacity, the mixer grid may be connected to
the control tube plate through a blocking condenser, with a biasing
leak, and the common junction connected to a close coupled secondary
on the tank circuit, which will also serve to supply direct current to the
control tube plate. This circuit arrangement reduces control sensitivity
in proportion to the impedance ratio of the two windings.

In any of the control circuits of Figs. 8, 9, and 10, the control tube
can be a sharp cutoff radio-frequency pentode such as the 6C6. When
the automatic frequency control bias increases in the positive direction,
a limiting point is reached in which the control tube biases itself by
grid current through the filter resistor system, the bias attained being
nearly equal to the peak value of the impressed oscillator frequency
voltage. As the tube might be called upon to run for long periods in
nearly this condition, the sereen voltage must be reduced to avoid ex-
cessive plate current and consequent shortness of life. For bias varia-
tion in the negative direction, control action is limited by plate current
cutoff. With sufficient input to the automatic frequency control recti-
fier, the total range of control is thus independent of the maximum
value of the bias generated. If the input is in excess of this amount, the
sensitivity is increased, but at the same time it will be necessary to
bring the signal nearer to exact alignment before automatic frequency
control will “take hold.”

To take up more general considerations, it can be said that an
automatic frequency control system can be designed and built, using
the described circuits or variations thereof, that will operate in the an-
ticipated manner. It is believed that an important step has been taken
in the development of a commercially practicable system, but undoubt-
edly a number of problems remain to be solved. Automatic frequency
control has not yet reached the point where it can be installed in an ex-
isting model of receiver merely because there happens to be room for
three more tubes and a few necessary parts; the whole receiver will
have to be redesigned from the ground up. It is further very evident
that if and when the system is placed upon a commercial basis, it will
apply at first only to receivers in the higher price class, where the selling
price is determined by the cost and not vice versa.

It is inherent in a control system like the present that the signal
must be amplified and selected before it can operate a control. Hence
the automatic frequency control cannot be expected to bring in a signal
that lies outside the selectivity band; the signal must be brought in by
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manual or mechanical means, but thereafter the automatic frequency
control can be expected to maintain it in alignment. A possible difficulty
is to be anticipated in this connection. If control is momentarily lost
and the physical tuning at the time is half a channel or more in error,
the signal will disappear and will not return when control is regained.
This might well happen in short-wave reception if severe fading of the
carrier oceurs. It is possible that a signal fading so badly would be of
little use to the listener in any event, and further if the control could be
voluntarily rendered inoperative—there would certainly be some means
provided for this—the receiver would be no worse than one not equipped
with control. This phase of the question does not appear to be serious.

It will be necessary to provide means for removing a station signal
from the band after it has been once tuned in, to make way for another.
If signals are closely spaced the mistuning sufficient to take an incum-
bent signal out of control will be sufficient to carry a number of adja-
cent weaker ones across the band in its wake. To avoid this the control
must be rendered inoperative during the process of selecting a station.
This had best be done automatically, probably by a special switch
incorporated in the tuning knob, so that the contact of the operator’s
hand upon the latter will short-out the automatic frequency control
bias. Tuning would then be performed with sufficient accuracy to bring
the signal into the band, and automatic frequency control would come
into play and complete the tuning when the hand is removed from the
knob.

It is to be anticipated that stability of alignment will be an impor-
tant practical consideration. In regard to the alignment of the discrim-
inator circuits with the intermediate-frequency channel no serious
difficulties are expected, for in the class of receiver to which automatic
frequency control seems adapted there will most probably be two inter-
mediate-frequency stages (three transformers), high gain per stage will
be unnecessary, and high capacity circuits will be used. Changing tubes
or readjusting the position of grid leads will therefore not affect the
tuning of the circuits to any great extent. Tuning drift due to thermal
causes will be small (when measured in cycles) even at an intermediate
frequency as high as 465 kilocycles, and if the circuits drift in the same
direction the net effect will be further reduced.

Another problem that will require thorough investigation is that-of
the effect of change of the control tube characteristics with variation in
line voltage and during the life of the tube. An assumed concrete ex-
ample will illustrate the possible nature of this problem.

Assume that the sensitivity is such that control action is capable of
producing a ten per cent change in the oscillator frequency. The initial
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automatic frequency control bias will then be chosen so that this ten
per cent is divided equally above and below the operating point, and
the receiver lined up accordingly. Then if the control tube is cut off
completely a five per cent shift will occur, and any decrease in the G,
of the tube will produce a proportionate shift. 1f the G,, decreases say
twenty per cent during life, the shift of the operating point will be
twenty per cent of five per cent or one per cent of the base frequency,
equal to ten kilocycles at one megacycle. This change will not affect the
automatic centering of the signal in the intermediate-frequency band,
but it will affect the tracking of the oscillator with the radio-frequency
circuits, and with the frequency indications upon the dial.

The error can be very easily corrected by adjusting the initial
automatic frequency control bias, but this would not be desirable in
commercial practice and is to be avoided. It is thought however, that
the difficulty can be minimized to the vanishing point by operating the

tube with conservative voltages, to insure that its life will exceed that .

of the other tubes of the receiver, and in addition by making use of
self-bias upon the tube, which will very much diminish the change in
characteristics. This self-bias will also reduce the response of the con-
trol tube to the automatic frequency control bias, but the sensitivity
can be made up by increasing the intermediate-frequency input to the
automatic frequency control rectifier.

Experimental work on automatic frequency control in this labora-
tory is thus proceeding on the assumption that the difficulty mentioned
will be negligible when the above precautions are taken. If it turns
out that this is not the case, a “main strength” remedy is at hand in
the use of a differential control circuit. Such a circuit would be merely
the push-pull variant of the single side circuit described above, and the
additional complexity would be by no means prohibitive if no better
way of meeting the problem is found satisfactory.

Attention must be paid to the relative time delays of the automatic
frequency control bias filter system and that of the automatic volume
control system. In general, the automatic frequency control system
must be the slower of the two. Otherwise a signal will be brought into
the center of the band, where gain is high, more rapidly than the gain
can be reduced by automatic volume control action, and momentary
blasting will result. On the other hand, the automatic frequency control
system should have ;a smaller time constant than the power supply
unit, in order that it may follow and prevent changes in oscillator fre-
quency due to changes in line voltage.
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RECENT DEVELOPMENTS IN MINIATURE TUBES*

By

BERNARD SALzBERG AND D. . BURNSIDE
(RCA Manufacturing Company, RCA Radiotron Division, Harrison, New Jersey)

Summary—The development of two indirectly heated miniature tubes, a triode
and a sharp cut-off amplifier pentode especially suited for use at high frequencies, is
described. The electrical and mechanical factors involved in the design and applica-
tion of these tubes are discussed and their novel structural appearance is described,

Because of their decreased lead im pedances, interelectrode capacitances, and
transit times, these miniature tubes allow considerable improvement to be made n
high-frequency receiving equipment. It is posstble to operate the triode as an oscillator
in a conventional circuit down to a wavelength of approximately 40 centimeters. The
pentode can be operated as a radio-frequency amplifier down to a wavelength of ap-
proximately 70 centimeteres. It is practicable to obtain stable gains with it of from
tento fifteen at three meters, a wavelength at which standard tubes are almost entirely
ineflectual. Both tubes can be used, down to much lower wavelengths, in exactly the
same manner and for the same applications that the corresponding convenlional tubes
are used; i.e., as oscillators, am plifiers, detectors, converters, and as negative-resist-
ance devices.

The small size of the tubes and their novel str uctural design allow compact and
conveniend receiving equipment to be buill. Even at the longer wavelengths, they are
applicable to a large number of uses for which their excellent characteristics, small
size, and low weight make them particularly useful.

INTRODUCTION

[ VARLY work on the extension of the high-frequency limit of
I*‘ receiving equipment, which made use of conventional radio-
frequency amplifier circuits built up around standard tubes,
indicated that the amplifier section of the receiver became less and less
effective as the signal frequency was increased and that ultimately, at
frequencies of the order of one hundred megacycles, the amplifier was
virtually useless. Similarly, the detector section and the oscillator sec-
tion (when one was employed) of the receiver became more and more in-
effectual as the frequency was raised and although they continued to
operate beyond the limiting frequency of the amplifier, they too ulti-
mately became inoperative. Improvements in the circuits proper re-
sulted in only relatively slight improvements in the over-all perform-
ance of the receiver, so that it became apparent that the tubes them-
selves limited the operation of the equipment.

Recourse was then possible only to positive-grid operation of the
available tubes, either in the oscillating state (Barkhausen-Kurz or

& Depim\al classifieation: R330. Original manuscript received by the Insti-
tute, April 26, 1935. Presented hefore New York meeting, March 6, 1935.
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Gill-Morrell), or in the nonoscillating state (Hollmann or Carrara).

. These methods were not entirely satisfactory, however. With them, no

cascaded amplification was obtainable at the carrier frequency, opera-
tion was invariably attended by high internal tube noise, over-all
sensitivity was poor, careful adjustments were required, and the equip-
ment was generally unreliable, at least for anything more than experi-
mental use.

B. J. Thompson realized that the limitations of the ¢onventional
tubes were the result of their size. G. M. Rose, Jr. and he built small
tubes and with them conclusively demonstrated that the limitations to
the successful operation of vacuum tubes at the higher frequencies may
be overcome by reducing the dimensions of the tubes.'*

The possibilities of such tubes aroused an interest sufficiently
widespread to warrant further development, and the “acorn " tubes are
the present results of this development work.?

FacTrors INVOLVED IN THE DESIGN oF MINTATURE TUBES

The essential principle upon which these tubes are based is the
Model Theorem, or the Principle of Similitude. Tt is possible to show
from the fundamental differential equations and the boundary condi-
tions involved that if all of the linear dimensions of a tube structure are
divided by a constant factor, say n, then the electrode currents, trans-
conductance, amplification factors, and plate resistance will remain
substantially constant, but the lead inductances and capacitances, the
tube capacitances, and the time of passage of the electrons between the
various electrodes will be divided by n. The direct-current lead re-
sistances will be multiplied by n, but the alternating-current lead re-
sistances will ordinarily be increased by sornetlﬁné Tess than this factor.
The allowable plate dissipation and the available emission of the tube,
however, will be divided by n%, and the current densities will be multi-
plied by n2. The latter considerations are important in any application
of this principle to power amplifier or transmitter tubes. Physically,
the tube will be reduced in its over-all dimensions by a factor n, and its
weight by a factor n.

For mechanical reasons, however, it is not feasible to reduce all of
of the tube dimensions to the same degree. For example, a reduction
by a factor of four of all of the linear dimensions of the type 56 tube
would require grid side rods of 6% mils diameter, grid wire of 0.83 mil

1 B. J. Thompson, “Tubes to fit the wavelength,” Elecironics, August,(1933).
2 B. J. Thompson and G. M. Rose, Jr. “Vacuum tubes of small dimensions
for use at extremely high frequencies,” Proc. I.R.E., vol. 21, pp. 1707-1721;
December, (1933).
3 Bernard Salzberg, “Design and use of ‘acorn’ tubes for ultra-high frequen-
cies,” Eleclronics, September, (1934).
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diameter, a cathode sleeve of 121 mils diaméter, and a cathode coating
of approximately 0.75 mil thickness. Parts of such minute dimensions
would be extremely difficult to manufacture with present-dayequipment.
Consequently, as is usual in many engineering problems, it is neces-
sary to arrive at a practical solution which will give the essential results.

In addition to the limitations imposed upon design by consideration
of the internal structure, a number of electrical requirements must be
considered ih the design of such miniature tubes. For example, the
tubes should not only be suitable for high-frequency work, but because
their reduced size and weight are frequently advantageous at lower
frequencies, it is desirable that they be suitable for practically any use
to which the standard tubes can be put. They should be adaptable to
either battery or alternating-current operation, and should require a
minimum of heater power. Their electrode voltage and current ratings
should be such as to fit, in so far as possible, existing auxiliary circuit
equipment. A reasonable life expectation and good stability of charac-
teristics during life are also essential requirements. As regards external
structure, it is imperative that the basing designs be such as to permit
the aging and testing operations incidental to the manufacture of the
tubes to be carried out conveniently, and to-allow easy insertion of the
tube in circuit equipment without introducing undue losses. The lead
terminals should be placed so that they permit short connections be-
tween the tubes and the associated circuits. Finally, it is desirable that
the tube designs be suitable for economical production maintainable
within reasonably close electrical limits.

Considerations such as-these circumseribe the design of the tubes.
Their static characteristics must be set by a study of the various uses
to which the tubes might be put and by a careful weighing of their
relative importance. For the triode, such considerations indicated the
desirability of obtaining a plate resistance of the order of ten to fifteen
kilohms and an amplification factor above fifteen, together with a ratio
of grid-plate transconductance to plate current as high as possible. For
the sharp cut-off pentode, it was desirable to obtain under amplifier
operating conditions a plate resistance of over one megohm and a
transconductance of at least 1000 micromhos,

To effect a significant, improvement in high-frequency behavior, and
yet have tubes which could be manufactured, it was decided to reduce
the electrode spacings to minimum distances of the order of five mils.
This reduction would extend the upper frequency limit of operation
beyond that of existing commerecial tubes by a factor of approximately
four, and at the same time would keep the design of the tubes within
the realm of attainable manufacturing technique.
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To make the tubes suitable for general battery and alternating-
current use, the heater voltage was set at 6.3 volts. It was decided to
use a conventional cylindrical cathode of the smallest practical di-
ameter in order to realize the minimum heater power. Its length was so
chosen that the desired static characteristics could be obtained with
low interclectrode capacitances. Maximum plate voltages of 180 volts
for the triode and 250 volts for the pentode were chosen as consistent
with the requirements of low transit time and good life performance.

To obtain short leads, low losses, suitable means for effective by-
passing at the higher frequencies, and a practical form of base, it was
necessary to abandon the conventional form of pinch stem and stand-
ard base assembly. Instead, the tube elements were connected to heavy
leads suitably positioned and fastened to mica spacers; these leads
were then sealed in and used as base pins.

Except for transit-time considerations, the actual caleculations in-
volved in the design of these tubes are similar in all respects to the usual
tube structure calculations. These are of a semiempirical nature, based
in part upon known derivations of the space-charge-limited current
between the elements of diodes of simple geometrical shape, and in
part upon approximate analyses of the electrical field of tubes of ideal
configurations.*6:%.7 As regards the transit time between the various
electrodes, it is important for our purposes to keep the distances
traversed by the electrons as short as possible, and to get them moving
as fast as possible (by making the effective potentials in the planes of
the various electrodes as high as possible).

DEscrirTiON OF THE TUBES.

The tubes are shown in Fig. 1, and their size can be judged from
the size of the golf ball which is included in this group photograph. The
remarkable resemblance of the triode to an acorn, both in size and
shape, has resulted in the trade designation for these tubes as the
“acorn” series. One of the practical difficulties which arose as a result
of the small size of the tubes was the difficulty of etching the usual
trade name and type number on the bulb.

* I. Langmuir and K. T. Compton, “Electrical discharges in gases. Part 11,
Fundamental phenomena in electrical discharges,” Rev. Mod. Phys., vol. 3, p.
191; April, (1931).

¢ ¥. B. Vogdes and F. R. Elder, “Formulas for the amplification constant for
three-element tubes in which the diameter of grid wires is large compared to the
spacing,” Phys. Rev., vol. 24, p. 683, (1824).

¢ Bernard Salzberg, “Application of conformal transformation to some prob-
lems in vacuum tube engineering,” Thesis for M.E.E. degree, Polytechnic
Institute of Brooklyn, 1933.

" S. Koizumi, “On the amplification constants of multi-electrode tubes,”
Jour. I. E. E. (Japan), Abstracts, vol. 10, p. 18, (1934).
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The internal structures of the tubes are shown in Figs. 2 and 3.
Both tubes are provided with a cylindrical cathode, inside of which is
inserted a folded type of insulated heater. Fig. 4 illustrates the relative
dimensions of this heater-cathode assembly and a common variety of
pin. This gives some idea of the size of the parts and the precision and
care required in the fabrication of such tubes. The No. 1 grids are

elliptical in order to reduce the otherwise severe control effects of the

side rods. The suppressor grid of the pentode is particularly useful in
reducing the reaction between control grid and plate. The various
elements are spaced very closely along the minor axis of the grids—
where the cathode emission is most useful—in order to reduce the

Fig. 1-—Miniature triode and pentode compared with golf ball.

transit time and increase the transconductance, and somewhat less
closely along the major axis in order to decrease the capacitances and
increase the structural strength.

In both tubes, two accurately punched mica spacers serve to hold
the elements in position. In the triode, the whole assembly is fastened
in place by means of small lugs which are bent out from the ends of the
plate. In the pentode, an additional mica, spacer is used to insulate the
plate lugs from the shielding structure, the latter being held in place
by means of two support rods. In both tubes, one of the mica spacers
is used as a sort of a stem, the heavy base pins and the lighter leads to
the electrodes being fastened around its periphery. The “getter”
material is enclosed within a flat tab welded, in the triode, to one of
the plate lugs, and in the pentode, to the shielding structure.

The mount, in each case, is placed within a bulb which consists
initially of two cup-shaped heavy preformed glass sections, the shal-
lower one of which has an exhaust pipe attached to it. The main seal,

T
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Fig. 2—Internal Structure of the triode.
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Fig. 3—Internal structure of the pentode.
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Fig. 4—Comparison of heater cathode assembly and an ordinary pin.

and in the case of the triode the only seal, is of the joined-flare type,
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made at the plane of the tube leads between the two glass sections.

After the sealing-in operation, these leads are cut quite short, the com-
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bination of the heavy glass of the joined-flare seal and the stub pins
constituting a practical and extremely sturdy base. This arrangement
obviates the need for soldering the tube to the circuit elements and also
avoids the deleterious effects of the conventional base. The leads them-
selves are radial, the two heater leads being symmetrically placed 30
degrees on either side of the cathode lead, the grid and plate leads (in
the triode), 60 degrees apart on the same diameter as the heater leads.
In the pentode, the latter two leads are replaced by the numbers 3 and
2 grid leads, respectively, and the plate and control-grid leads are
brought out at opposite ends of the bulb, a very convenient circuit
arrangement. These lead arrangements provide the necessary separa-
tion between the active radio-frequency leads and the grounded radio-
frequency leads. In the pentode, the control-grid lead is brought out
through the exhaust pipe, an innovation in tube manufacture: in-
cidentally, the resultant tube is thus a very special form of the “tipless”
variety. The getter flash in this tube is of the directed beam type,
necessary because of the small size of the structure in order to avoid
leakage between elements. The inside surface of the pentode bulb is
coated with carbon to reduce the emission of secondary electrons which
results from the bombardment of this surface by primary electrons
which escape through the interstices between the mica spacer and
plate. This is particularly important at the lower frequencies, where it
is desirable to keep the high load impedances from being shunted by
the additional plate losses introduced by such effects.

CHARACTERISTICS OF THE TUBES

1. Static and Low-Frequency Characteristics

The heaters of both tubes are rated at 6.3 volts, making them suit-
able for both battery and alternating-current operation. The tubes
themselves were designed so that the electrode voltages could be set at
“preferred” values.

A typical plate family for the triode is shown in Fig. 5. Pecause of-
the reduced allowable plate dissipation, such miniature tubes are not
especially suited for use as audio power amplifiers. Within maximum
ratings, however, this tube is entirely suitable for audio-frequency
amplifier and high-frequency oscillator uses. Operated as a class A
audio amplifier with a load of approximately 19,000 ohms, the triode
delivers an undistorted power output of 130 mﬂhwatts Table I shows
the comparative characteristics of the miniature triode and a standard
triode, type 76. It will be observed that at the same electrode voltages,
not only is the miniature triode not inferior to the conventional tube,
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but it is actually superior to it. One point not specifically tabulated is
the electron grid current which flows from the grid due to thermionic
emission. This is negligible, even with abnormal heater voltages, due
to a combination of methods which reduce the temperature of the grid
and otherwise reduce the tendency of the grid to emit. The lower

AVERAGE PLATE CHARACTERISTICS
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Fig. 5—A typical plate family for the triode.

capacitances of the miniature tube are very desirable at the lower
frequencies, as well as the higher frequencies, because they allow higher
gain over wider frequency spans. Laboratory tests of tubes of this type
made up to the present writing have indicated over 1000 hours of con-

tinuous and useful life.

TABLE I S
CoMPARATIVE CHARACTERISTICS
RCA-76
Conventional RCA795.5

Triode Acorn ‘I'riode
Heater Voltage 6.3 6.3 . volts
Heater Current 0.30 0.15 amp
Plate Voltage 180 180 volts
Grid Voltage —9.8 -5.0 volts
Plate Current 3.2 4.5 ma’
Amplification Factor 13.8 25
Plate Resistance 11200 12500 ohms
Grid-Plate Transconductance 1200 2000 pmhos
Input Capacitance 3.5 1.0 puf
Output Capacitance 2.5 0.6 puf
Grid-Plate Capacitance 2.8 1.4 puf

Figs. 6 and 7 illustrate typical plate and transfer families, respec-
tively, for the miniature pentode. It will be observed that these static
characteristics are similar to the usual characteristics obtained with
conventional tubes of this type; i.e,, high grid-plate transconductance,
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I*"ig. 6—A typical plate family for the pentode.
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Fig. 7—A typical control-grid plate transfer family for the pentode.

h}gh plate resistance, and sharp cutoff. Table IT shows the compara-
tive characteristics of the miniature pentode and a standard pentode,
type 6C6. It will be observed, once more, that at the same electrode

sinatatlosil S _
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voltages, the miniature pentode is actually superior to the conventional
pentode, even on a strictly static comparison basis.

_TABLE II
CoMPARATIVE CHARACTERISTICS
RCA-6C6
Conventional 954

Pentode Acorn Pentode
Heater Voltage 6.3 6.3 volts
Heater Current 0.30 0.15 amp .
Plate Voltage 250 250 volts
Screen Voltage 100 100 volts
Suppressor Voltage 0 0 volts
Control-Grid Voltage —-3.0 —3.0 volts
Plate Current 2.1 2.0 . ma
Plate Resistance 1.5 1.5 megohms
Control-Grid—Plate Transconductance 1225 1400 pmhos
Input Capacitance 5.0 3.0 puf
Output Capacitance 6.5 3.0 uuf
Control-Grid—Plate Capacitance 0.010 0.005 uuf

II. High-Frequency Characteristics

The reduction in size of these tubes has allowed operation of the
triode as a radio-frequency feed-back oscillator in conventional circuit
arrangements down to a wavelength somewhat below 40 centimeters,
and the operation of the pentode as a radio-frequency amplifier, also
in conventional circuit arrangements, down to wavelengths of the order
of 70 centimeters. '

NTRO '
CODMA PLATE
Ye
Ly 5 ¥ I
INPUT . OUTPUT
CIRCUIT Im 2 ? o | 1CirculT
CATHODE
Y. = TUBE INPUT ADMITTANCE = Ju+ #5
Yo = TUBE COUPLING ADMITTANCE = g, + # be

Yo = TUBE OUTPUT ADMITTANCE = J, * 4 bo
Y, = TUBE TRANSFER ADMITTANCE = 9n+ ¢ bm

Fig. 8—The schematic first order equivalent amplifier circuit
representation of an amplifier tube.

Fig. 8 shows the schematic first order equivalent amplifier circuit
representation of an amplifier tube. In order to specify completely the
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behavior of such a tube at any frequency, it is necessary to specify
the input, output, coupling, and transfer admittances at this frequency.
At low frequencies, the input and coupling admittances are essentially
pure susceptances, capacitive in nature. The output admittance con-
sists of the plate conductance, usually in a radio-frequency amplifier
pentode quite small in magnitude, and a susceptance due to the output
capacitance. The transfer admittance consists of only a real part, the
familiar g,.

At high frequencies, the input admittance, and (unless the tube is
well screened electrically) also the coupling admittance, acquire a real
part and an altered imaginary part. In addition, the output admittance
acquires an increased conductance and an altered susceptance. The
transfer admittance also acquires an imaginary part. The increase in
the conductance components of the input, output, and coupling admit-
tances tends to reduce the gain which can be built up by the amplifier,
and ultimately to limit its effectiveness. The change in the susceptance
components of these admittances alters the tuning of the associated
circuits, and in the case of an oscillator provides a potential form of
frequency variation. The phase shift in the transfer admittance makes
conditions for stability more favorable, but also affects the gain.® These
admittances are functions of the time of passage of the electrons be-
tween the various electrodes. B. J. Thompson and W. R. Ferris of the
- RCA Radiotron Laboratory have already discussed the loading effects
due to the increase of the input conductance of tubes at high frequen-
cies,® and W. R. Ferris and D. O. North, also of the same laboratory,
have made experimental and theoretical studies of this effect.1

Typical results of measurements of the equivalent shunt input
resistance of the “acorn” pentode and the RCA-6C6 are shown in Fig.
9. This is the component of resistance which is due to the actual elec-
tronic flow past the control grid. The heavy section of the curve indi-
cates the range over which measurements were made. The light line
continuations are extrapolations. There is some justification for this
extrapolation procedure because theory indicates that for small values
of transit angle the conductance varies as the square of the frequency.
The curves indicate that even at thirty meters, where it is perfectly
feasible to build up a resonant cireuit impedance of 150,000 ohms, the
shunting effect of the conventional tubes is serious. At three meters, it

8 Bernard Salzberg, “Notes on the theory of the single stage amplifier,” to
be published. a

® B. J. Thompson and W. R. Ferris, “Grid circuit losses in vacuum tubes at
very high frequencies,” presented before joint U.R.S.I.~I.R.E. meeting, Wash-

ington, D. C. April 27, 1934; Abstract publj . I.R.E¢; vol. . 5
RO stract published Proc. I.R.Ez vol. 22, p. 683;

10 To be published.
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amounts for conventional tubes to approximately 1600 ohms; this ex-
plains why the gain is so low at this wavelength when standard tubes

‘are used.:

In addition to the shunting which is due to the finite time of passage
of the electrons between the various electrodes, there is an additional
Joss incurred as a result of the dielectric losses in the tube-lead support
—glass, socket, etc.—and as a result of the capacitive currents which
flow by way of the lead wires through the tube capacitances. The latter

COMPONENT DUE TO" ACTUAL ELECTRONC FLOW
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Fig. 9—The equivalent shunt input resistances of the “acorn” pentode and the
RCA-6C6 as a function of the frequency. This is the component of resistance
which is due to the actual electronic flow past the control grid.

cause agsumes importance at the high frequencies, as shown by the
curves of Fig. 10. Here is shown the shunting which takes place in ;the
output circuit of a standard tube and of an early developmental
“georn” pentode which was used to study this effect. The losses are due
partly to the dielectric loss, but mainly to the capacitive currents which
passed through the leads. The same leads and by-pass condensers were
used for both tubes. These curves are shown for the purpose of illus-
trating how significant this effect may become, and therefore how im-
portant it is to keep the radio-frequency losses in the connecting
wireg and the by-pass capacitors as low as possible. As seen from the
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curves, this loss at the higher frequencies completely overshadows the
shunting effect of the static or low-frequency plate resistance.

The measurements of the input and output admittances of tubes
were made by a substitution method. A resonant circuit was coupled
to a high-frequency oscillator and the voltage developed across this
circuit at resonance was measured by means of an “acorn” pentode
voltmeter, of the type shown in Fig. 13. The tube was operated at small
space currents to reduce the electronic loading effects to a minimum:.

COMPONENT DUE TO IMPEDANCE OF LEADS
AND COLD TUBE CAPACITANCES
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Fig. “IO_T,I’le equivalent shunt output resistance of an early developmental
acorn” pentode and the RCA-6C6. This is the component of resistance

yvhic}} is due to the cold resistance of the tubes and the associated connect-
ing wires.

This measurement circuit wag calibrated by placing resistors, whose
value at the operating frequency had been checked previously by a
reactance substitution method, across the resonating capacitor, re-
tuning to resonance and plotting the resulting resonant voltage against
resistance. The conductance component of the admittance of a tube
under test was then indicated by the value of the resonant voltage.
The susceptance component was given by the frequency and the
change (of the tuning capacitor) required to establish resonance.

The effects of the tube conductances on the associted input and
output circuits may be minimized by matching the tube impedances
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to these circuits. This may be done in a variety of ways, perhaps the
simplest of which consists merely in connecting the tube at an inter-
mediate point on the coil. It should be emphasized that since the shunt-

HEATER VOLTAGE
Fig. 11—A typical tricde oscillator set-up.

ing effects are considerably less for the miniature tubes, there is less
need for circuit arrangements of this type for these tubes. However,
even for them, it becomes desirable ultimately to make use of such
schemes.

INTERNAL
7" SHIELD «
7
AD T LEAD TO
i NO.i GRID

~_EXTERNAL
T SHIELD RING

METAL
~ —~SHIELDING
PARTITION

Fig. 12—A typical shielding arrangement for the miniature pentode.

Tield measurements of noise developed in tubes at high frequencies
indicate that the miniature tubes are definitely superior to the conven-
tional tubes. Although elementary theory indicates that the shot noise
in the plate circuit of a tube decrcases with increasing interelectrodic
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transit angle, the initiation of a noise component in the grid circuit
which is a function of the cathode-grid and of the grid-screen transit
angle results in an increase in the over-all noise.!!
Figs. 11 and 12 illustrate how conveniently these tubes fit in with
' high-frequency circuit requirements. In the triode, the leads are ar-
ranged so that the active radio-frequency leads are on the opposite side
of the flare seal from the radio-frequency grounded leads. In the pen-
tode, the grounded radio-frequency leads are all brought out in the

SHIELDED
CABLE ~

Py,
-

. o~
METAL HOUSING B\ prose

/ TERMINAL S

Fig. 13—A probe voltmeter using a miniature pentode.

plane of the flare seal, so that this may be used as a ground reference
plane. The two active radio-frequency leads are brought out at the
ends of the tube, which permits a very natural arrangement for

* connecting the tube to the input and to the output circuit. At high

frequencies, it is usually desirable to bring all ground-return connec-
tions to one point, to avoid radio-frequency circulating currents in
common impedances formed by shields.

Fig. 13 shows one of the many very useful miscellaneous applica-
tions of these tubes. A pentode is mounted at the head end of a, shielded
flexible cable and used as a probe voltmeter, thus permitting the meas-

ConcLusIONs

Because of their decreased lead impedances, interelectrode capaci-
tances and transit times, these miniature tubes allow considerable
improvement to be made in high-frequency receiving equipment. It is
possible to operate the triode as an oscillator in a conventional circuit
down to a wavelength of approximately 40 centimeters. The pentode
can be operated as a radio-frequency amplifier down to a wavelength of
approximately 70 centimeters. It is practicable to obtain stable gains of

U Stuart Ballantine, “Schrot-effect in high-frequency “Circuits,” Jour.
Franklin Inst., vol. 206, no. 2, p. 159, (1928
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ten to fifteen at three meters, a wavelength at which the standard tubes
are almost entirely ineffectual. Both tubes can be used, down -to much
lower wavelengths, in exactly the same manner and for the same ap-
plications that the corresponding conventional tubes are used; i.e., as
oscillators, amplifiers, detectors, converters, and as negative-resistance
devices.

The small size of the tubes and their novel structural arrangements
allow compact and convenient receiving equipment to be built. Even
at the higher wavelengths, they are applicable to a large number of
uses for which their size, low weight, and excellent characteristics make
them particularly useful. '
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A NOTE ON THE SOURCE OF INTERSTELLAR
' INTERFERENCE*

By

KARL G. JANSKY
(Bell Telephone Laboratories, Inc., New York City)

Summary—Further consideration of the data obtained during observations
on interstellar interference has shown that these radiations are recewed any time the
antenna system s directed towards some part of the Milky Way system, the greatest
response being obtained when the antenna points towards the center of the system.
This fact leads to the conclusion that the source of these radiations is located in the
stars themselves or in the interstellar matter distributed throughout the Milky Way.

Because of the similarity in the sound produced in the receiver headset, it is
suggested that these radiations might be due to the thermal agitation of charged par-
ticles.

N FORMER papers,'? it was explained how interstellar inter-
ference was first observed with an automatic field strength record-
, ing system making use of a highly directional rotating antenna.
It was pointed out that the directions of arrival were fixed in space
and that there seemed to be only a single direction of arrival having a
right ascension of eighteen hours and a declination of —20 degrees.
Some of the data did not check very accurately the theory of a
single direction of arrival and it was suggested that a possible explana-
tion of the discrepancies might be found in refraction of the waves
during their passage through the ionized layers of the atmosphere.
Since the publication of the above papers further consideration of
the data has led to some very interesting conclusions and speculations.
The data obtained from the system are in the form of a continuous rec-
ord of the output for all hours of the day and, since the antenna ro-
tates continuously, for all directions as well. If we examine a typical
day’s record of the disturbance, for example that for September 16,
1932, given in Figs. 1 and 2, the following facts are evident. Besides
varying gradually in height throughout the day the peaks obtained
for each revolution of the antenna also change decidedly in shape. In
Fig. 2 from 12:00 M to 3:00 p.Mm. the peaks are very broad, in fact
one peak covers the time taken up by one complete revolution of the

* Decimal classifecation: R113.5. Original manuscript received by the

Institute, April 10, 1935. Presented bef T : .
Mich., July 3, 1935. etore Tenth Annual Convention, Detroit,

! Karl G. Jansky, “Directional studies of atmospherics at high f cies.”
Proc. I.R.E., vol. 20, p. 1920; December, (1932). pherics at gh frequencies,

* Karl G. Jansky, “Electrical disturbances apparently of extraterrestrial
origin,” Proc. I.R.E.] vol. 21, p. 1387; October, (1%%3). Y
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antenna. From 3:00 ».M. on, the peaks gradually get narrower and nar-
rower until at 10:00 p.M. they are only one quarter the previous
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Fig. 2—Sample record of waves of interstellar origin. Record
taken 12:00 noon to 12:00 midnight on September 16, 1932.

width. During the same time a much smaller and weaker peak begins
to appear on the record. At 9:20 .M. it is very clear.
Upon determining the direction towards which the antenna sys-
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tem points in space at these times, it is discovered that when the
peaks are broad, the antenna is so located in space that it sweeps
along the Milky Way and the maximum response is obtained when it
points in the direction of the center of the Milky Way. When the large
sharp peaks and the alternate small peaks are obtained the antenna is
so located in space that it sweeps across the Milky Way, the large peak
being obtained when that section of the Milky Way nearest the center
is crossed and the small peak when that section farthest from the cen-
ter is crossed. -

If we consider the belief now held by astronomers that the Milky
Way is a large galaxy of stars having the same general shape as a
huge discus or grindstone with the solar system, and therefore the
earth, located at some distance from the center and almost in the ga-
lactic plane, then the phenomena described above would seem to indi-
cate that the disturbances recorded are due to radiations emanating
from the stars themselves. The various heights and widths of the peaks
obtained on the record would then be explained in the following man-
ner.

If the axis of rotation of the antenna were perpendicular to the
plane of the Milky Way the antenna would rotate so that it always
pointed at some part of the Milky Way and therefore would always
receive some energy. This energy should reach a maximum value
when the antenna points in the direction of the center of the Milky
Way System, for the greatest number of stars would then be included
within the angle of reception of the antenna. As the antenna rotates
the number of stars included within this angle would very gradually
decrease until the antenna points in just the opposite direction when
the number of stars within the angle would be a minimum. As the
antenna rotates further the number of stars within the angle would
again increase until the maximum was again reached, etc. Thus the
energy received at such a time would show a gradual decrease and
increase with one maximum and one minimum for a single rotation of
the antenna.

Actually the axis of rotation of the antenna is never exactly per-
pendicular to the plane of the Milky Way, but approaches that con-
dition closely when the meridian of the receiving location has a right
ascension of twelve hours and forty minutes. Translated in terms of
the time on the records this oceurs about five hours and twenty min-
utes before the azimuth of the direction of arrival of the disturbances
is south. For the record shown in the figures this time would be about
1:50 p.m. at which time the angular distance between-the axis of ro-
tation and the perpendicular to the plane of the Milky Way is twelve
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degrees and twenty minutes. However, due to the facts that the Milky
Way has a very appreciable width, and the vertical directional char-
acteristic of the antenna is very broad, the discussion given above is
still applicable and explains the type of record that should be and is
obtained at this time. Furthermore, at this time, the center of the
Milky Way System as seen from the receiving location has an azimuth
very slightly south of cast which checks exactly the direction of the
maximum disturbance as obtained from the curves.

Since the direction of the axis of rotation of the antenna changes
as the earth rotates, the above condition exists for only a short time.
Thus, after seven hours and forty-seven and one-third minutes (when
the right ascension of the meridian of the receiving location is twenty-
two hours and twenty-seven and one-third minutes) the axis of rota-
tion will lie in the plane of the Milky Way instead of being perpendic-
ular to it. In this position the antenna will sweep across the Milky
Way twice for every revolution and we would expect two peaks on
the record where previously we had only one, a large peak when the
antenna sweeps across that part of the Milky Way nearest the center
and a smaller one when it crosses that part farthest from the center.
These peaks should be relatively sharp because the number of stars
within the angle of reception of the antenna changes rapidly. The first
case occurs when the antenna points in a southwesterly direction and
the second when it points north-northeast.

Turning now to Fig. 2 we see that at 9:37% p.M. (seven hours and
forty-seven and one-third minutes after 1:50 p.M.) we have two defi-
nite peaks on the record for every revolution of the antenna, the larger
of which is obtained when the antenna is pointing southwest and the
smaller when it is pointing north-northeast, checKing the predictions
exactly.

After another eight hours and twenty-five and one-third minutes,
or at 6:02% A.M. on the record given, the axis of rotation of the antenna
again lies in the Milky Way, but this time the two points where the
antenna sweeps across the Milky Way are both some distance from
the center so that neither peak should be very large. At this time the
two points have directions of northwest by north and southeast by
south, the former being the nearest to the center of the Milky Way.
Turning again to the figures we find that at 6:02-3 a.M. the peaks are
much weaker than at 9:37-3 p.M. and that they have the directions
predicted.

A more detailed analysis of the data has shown that every time the
antenna points towards some part of the Milky Way the record shows
an increase in the energy received, and also every time the record

c
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shows an increase of energy received the antenna is found to be point-
ing towards some part of the Milky Way.

As said before, the most obvious explanation of these phenomena
is ong that assumes that the stars themselves are sending out these
radiations and that the direction of arrival at the receiving location,
instead of being confined to a single direction as was formerly inti-
mated, include all directions, a greater indication being obtained for
those directions confined to the Milky Way because of the greater
star density there.

Another plausible explapation is one based on an hypothesis pre-
viously suggested,? that the waves which reach the antenna are sec-
ondary radiations caused by some form of bombardment of the at-
mosphere by high speed particles which are shot off by the stars.

Upon examining the characteristics of these radiations for further
clues as to their source, one is immediately struck by the similarity
between the sounds they produce in the receiver headset and that
produced by the thermal agitation of electric charge.? In fact the simi-
larity is so exact that it leads one to speculate as to whether or not
the radiations might be caused by some sort of thermal agitation of
charged particles. Such particles are found not only in the stars, but
also in the very considerable amount of interstellar matter that is dis-
tributed throughout the Milky Way, which matter, according to Ed-
dington? has an effective temperature of 15,000 degrees centigrade. If
the radiations come from such particles one would expect the response
obtained to depend upon the directional characteristic and gain of the
antenna and the way it is pointed relative to the Milky Way, an ex-
pectation which agrees with the observed facts.

Attempting to explain the radiations in question on the basis of
any of ‘the above hypotheses immediately raises a serious question ag
to the effect of the sun. Since the sun is a star, although in comparison
with some, a rather insignificant star, and since it is much closer to
the earth than the stars of the Milky Way, so close in fact that the
energy received from it in the form of light and heat is many times the
combined energy received from all the stars and all the interstellar
‘matter of the Milky Way, it would naturally be expected that radia-
tions similar to those in question would be found coming from the
sun with an intensity much greater than the intensity of those coming
from the other sections of the Milky Way. So far no such solar radia-

8 F. B. Llewellyn, “A study of noise in vacuum tubes and attached circuits,”
Proc. LLR.E., vol. 18, p. 243; February, (1930).

* Arthur Stanley Eddington, “Stars and Atoms,” pp. 66-69, Yale Uni-
versity Press, 1927. < .
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tions have been detected, and, although a possible explanation for
~ their absence might be based on a supposition that the temperature
of the sun is such that the ratio of the energy radiated by it on the -
wavelengths studied to that radiated in the form of light and heat is
much less than for some other classes of heavenly bodies found in the
Milky Way, the question will have to remain unanswered until more
data have been taken.
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INTERFERING RESPONSES IN SUPERHETERODYNES*

By

Howarp K. MorGcaN
(Kansas City, Missouri)

Summary—=Superheterodyne receivers respond to other frequencies than the
one for which the receiver is tuned. Various types of these undesired responses are
treated in parlicular with one type not generally recognized, the resultant of an off-
resonance signal combining with the receiver’s oscillator and forming a signal, at the
converter tube plate, which lies in the vicinity of the intermediate Sfrequency. High
harmonic orders of this are present across the converter plate circuit which recombine,
by plate modulation, in the internal plate circuit with the oscillator and form a stgnal
at the intermediate frequency. Methods of reducing this effect are given.

NTERFERING responses, other than those due to broad selec-
-tivity oceur in superheterodyne receivers. This is deterimental to
services that require the use of receivers in the close proximity of
“transmitters operating on frequencies in the order of those keing re-
ceived. To distinguish this type from other undesired responses, it is
in order to treat briefly the other types as well. Various combinations
of the oscillator frequency and its harmonics with incoming signals
give undesired responses in the receiver. Almost all interference from
this source could be eliminated if the radio-frequency tuned circuits
preceding the converter had as much selectivity as the intermediate
amplifier. This virtually reduces the superheterodyne to a tuned radio-
frequency receiver. Other methods must be devised for reducing un-
wanted responses to a point where they no longer play an important
part.

Four groups of interfering responses will include all frequencies to
which the superheterodyne may respond when it is tuned to one de-
sired frequency.

In the following formulas, where subtraction is called for, the
smaller frequency should always be subtracted from the larger. The
formulas can be written more simply, as has been done, if this is kept
in mind.

Group Fundamental Combination Harmonie Combination

A4 f=o0+%s f=mno + ns
v 7

B f=0+4 — f=no + —
x T

* Decimal classification: R170 XR361.2. Original manugscript received by
ghe Iri%tltllbtgé October 22, 1934; revised manuscript received bv the Institute
une 19, . )
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¢ f=: f=m
s 8
D f=0+— f=mno £ —
n n
where,

o =receiver’s oscillator frequency

s=frequency to which the receiver is, tuned or the image fre-
quency

7 =the intermediate frequency

z=the subharmonic order (1,2,3, etc.)

n=the harmonic order (1,2,3, etec.)

f=1frequency of interfering signal (and may coincide with s)

Unwanted responses can be found by setting the receiver at a high
sensitivity and feeding a high level of (modulated) signal to the receiver
from a signal generator and tuning the generator slowly over a wide
frequency range centering at the frequency for which the receiver is
tuned.

Certain unwanted responses can be located using two signal gen-
erators, where one generator supplies an unmodulated signal to the
receiver (sufficient to give standard output before modulation is re-
moved from it) and the other generator is swept over a wide frequency
range as before and supplies high levels of voltage input. Neither gen-
erator is modulated during the test and the output is taken when the
whistle which characterizes the unwanted response, usually adjusted
for a 400-cycle note, reaches standard output.

In the two-generator test, the frequency of the generator to which
the receiver is tuned may be substituted for o inthe preceding equa-
tions and a second complete set of possible interfering signals may be
obtained.

Signal generators should be used which are as free as possible from
radio-frequency harmonics. Unidentifiable unwanted responses can
often be traced to generator harmonics. By setting the generator to
twice the interfering frequency it can be easily determined whether
the harmonic was generating the unwanted response as the input neces-
sary for the response will be much lower than when the harmonic was
being received. The harmonic may be generated in circuits preceding
the converter so that calculations should be made on this basis before
deciding definitely that the generator is responsible. ‘ .

Group A undesired responses will be found irregularly spread ove
the frequency spectrum. Combinations involving harmonics of the
fourth order or greater will be usually too weak to detect. Increased
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selectivity ahead of the converter tube will reduce this type of response.

Reduced harmonic content generated in the oscillator or radio ampli- _'

fiers will reduce it as well.

Group B undesired responses are characterized by the fact that 1

they occur near the oscillator frequeney and not more than an amount

equal to the intermediate frequency on either side of the oscillator fre- 1

quency. All but two of tlsese are due to integral subharmoniecs of the
intermediate frequency being formed by combinations of the undesired
signal and the receiver’s oscillator frequencies which are multiplied in
frequency in the converter so that they result in an intermediate-fre-
quency signal.

There are two special cases to be considered which are combinations
with the fundamental frequency of the oscillator. It will be assumed, to
simplify following examples and as it is usually the case where the
oscillator condenser is like and ganged with the radio-frequency con-
densers, that the oscillator is operating at a higher frequency than
that to which the receiver is tuned. The equations hold whether this
is true or not, but specific examples will not hold. The first case is
S=(0—1) which is the frequency to which the receiver should respond,
and not an undesired response. The second is f=(0+41) which is the
image frequency which is usually the most troublesome undesired
response. The image may be reduced by three general methods: addi-
tional selectivity before the converter, the selection of a higher inter-
mediate frequency, and phasing methods which tend to reduce the
image frequency by voltage cancellation.

Increased selectivity before the converter tube will lower all types
of undesired responses in this group.

Group C undesired responses may either originate in the receiver
or from outside sources, such as low-frequency transmitters.

Those originating in the receiver are harmonics of the intermediate
frequency which have been coupled back to the converter or preceding
circuits or the antenna lead-in. Poor intermediate-frequency filtering
in the second detector plate cireyit may allow strong intermediate-
frequency voltages to be passed through the audio amplifier and to
the (exposed) loud speaker leads. This may result in energy being fed
back to the antenna lead-in. Proper filtering and shielding and place-
ment of parts will cure this type of response which is identified by a
heterodyne beat being heard when stations near the intermediate-fre-
quency harmonics are received.

If a signal at the intermediate frequency is fed to the receiver the
energy transfer through circuits preceding the converter may be rather
high. Intermediate frequencies are chosen by designers where few, if
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any, services exist. In order to secure high image ratios the intermedi-

 ate frequency in future receivers will probably be raised and the ease

of selecting a clear channel will vanish. Proper design will make the re-
sponse from this source reasonably low.

A special condition exists with receivers equipped with an oscillator
to heterodyne the intermediate frequency for continuous-wave recep-
tion. Harmonics of the oscillator may cause interference near the beat
oscillator harmonics but proper filtering and shielding will reduce this
sufficiently.

Where the interference comes from the receiver itself an advantage
exists since the interference occurs at an unchanging magnitude and
may be rather easily eliminated.

Group D undesired responses constitute a class quite different in
method of formation from the first three groups. An undesired signal
reaching the converter tube is heterodyned, by the receiver’s oscillator,
and appears at the plate of that tube but differing from the inter-
mediate frequency by an amount up to about forty per cent. The
signal is sufficiently attenuated by the selectivity following in the in-
termediate amplifier so that it is not finally detected. It is obvious that

little selectivity is realized in the one tuned intermediate circuit at the -

converter’s plate, so that with a strong undesired signal a high voltage
may exist, after combining with the oscillator, on the circuit at some
frequency near that of the intermediate frequency. This voltage will
become smaller for the same signal input as the resulting frequency
becomes further from the intermediate frequency. If a harmonic of this
signal at the converter plate combines, due to plate modulation, with
the oscillator again and gives the intermediate frequency exactly then
there will be an undesired response. As there can be no image selec-
tivity incorporated in a converter tube the harmonic may combine with
the oscillator whether it is above or below the oscillator frequency by
the same amount. These responses are numerous and many points may
be found near to the frequency for which the receiver is tuned. Those
giving the intermediate frequency due to subtracting the harmonic fre-
quency from the oscillator are often interleaved with those due to sub-
tracting the oscillator frequency from the harmonic frequency, al-
though different harmonic orders will be involved.

To cite a specific example, which experimental data were secured
for, a receiver was tuned to 4500 kilocycles, its intermediate frequency
was 500 kilocyecles, and the oscillator operated at 5000 kilocycles. With-
out altering the receiver tuning, a strong 4550-kilocycle signal was fed
to the recciver. It combined with the oscillator to give 450 kilocyeles
at the converter tube plate. The tenth harmonic of 450 kilocycles which

- -
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is 4500 kilocycles recombined by plate modulation with the oscillator
and gave the intermediate frequency and a response.

On first analysis the seriousness cf this type of undesired respcnse
might be doubted. The 4550-kilocycle siznal was only attenuated to one
fifth its value in the radio-frequency circuits. The 4500-kilocyecle har-
monic due to inefficiencies involved in the harmonic generation, was
attenuated to one two-thousancths of the 450-kilocycle value. The un-
desired response then appeared with a total attenuation of ten thousand
times in comparison to the attenuation of the frequency for which the
receiver was tuned. While this ratio is fairly high it is insufficient for
receivers operating near transmitters which might be operated on the
4550-kilocycle frequency.

Nothing can be done in the grid circuit of the converter tube as the
combination occurs in the tube. This point was verified experimentally.
A higher Q coil in the plate circuit of the detector will reduce some of
the responses materially but generally little additional attenuation will
be secured.

The amount of gain before the converter tube has but a small effect
as well.

There are but two methods of reducing this type of response.

The first is to reduce the amount of excitation from the oscillator
to the converter. This will improve the ratio because the oscillator
enters twice into the production of the undesired response while it
enters but once for the desired response. Thus if the oscillator excita-
tion voltage is reduced to a tenth of its original value and as the inter-
fering signal combines twice with the oscillator it will be reduced to one
hundredth of its previous value. The desired signal will be reduced to a
tenth of its previous value. A net improvement in ratio of ten is secured
and in the example given the undesired response will be one one-
hundred-thousandth of the value of the desired signal. With proper
gain before the converter, it has been found experimentally, that the
receiver’s signal-to-noise ratio is not altered. Thus no disadvantage
exists other than that more gain is required in the receiver to make up
for converter efficiency loss.

Oscillator coupling to the converter cannot be reduced in the con-
ventional pentagrid converter circuits as the electron stream is fully
modulated by the oscillator section. If the pentagrid is- coupled to a
separate oscillator by utilizing its oscillator grid to feed the energy
to the converter section the excitation can then be easily controlled,
and several advantages result m this method of coupling for oscillator
stability, ease of automatic volume control for the converter, etec.

Another scheme for the reduction of the group D responses is in
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the use of a push-pull converter circuit utilizing two converter tubes.

. While all other parts of the tube are operated as a push-pull circuit

~ combinations (group D responses) are not in proper phase for addition

the control grids are tied in parallel and are fed from the tuned radio-
frequency circuit. Thus the desired signal is heard, as the oscillator ex-
citation on the two tubes is 180 degrees out of phase but the second

and will cancel to a marked degree. Group C »int‘erferences will be
markedly reduced as well, as straight-through amplification is balanced
out with this type of circuit. A

An orderly method of rapidly spotting the groups to which inter-
ferences probably belong will be the saving of laboratory time.

One of the first things to be noted when listening to the undesired
response is the angular amount of turning the signal generator dial
over which a signal can be heard. In initially adjusting the receiver,
in the example given, the generator at the desired frequency was ad-
justed to give about 50 milliwatts of audio output with a small signal
fed to the receiver. The signal could be heard over ten degrees of
motion of the generator dial and beyond this the signal dropped to
inaudibility. When the input from the generator was raised with the
generator at the undesired response frequency so that 50 milliwatts of
signal could be heard, it was found that the signal could be heard but
over one degree of signal generator dial motion. Apparently the selec-
tivity of the receiver was changed but in reality the tenth harmonic
moves ten times as fast in frequency as the fundamental and this is re-
sponsible for the difference noted. With practice one‘is able to judge
the angular motion in passing the generator through the undesired fre-
quency and estimating the probable harmonic inyglved.

With this principle in mind the harmonic order involved for any
type of undesired response may, be found and this is particularly useful
for group D types. '

Group A undesired responses fall at digsociated points. Calculation
of the eight frequencies involving the fundamental and second har-
monic will usually be the quickest method of identifying these.

Group B undesired responses can be quickly identified as they
exist on both sides of the oscillator at one half, one third, one fourth,
ete., of the intermediate frequency in difference from the oscillator fre-
quency. The image exists at the intermediate-frequency difference on
one side of the oscillator and the desired signal at the same distance on
the other side. :

Group C responses can be found by tuning the receiver through
points at harmonies of the intermediate frequency which fall within
the tuning range or through harmonic points of the intermediate beat

%
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oscillator where one is used. A signal should be fed to the receiver at
the same frequency for which the receiver is tuned in making this test.
A whistle will identify the interference which is coming from the re-
ceiver itself. '

For external interference tests a generator should be connected to
the antenna circuit and a high level of intermediate frequency, or its
subharmoniecs, should be fed to the receiver. With this signal un-
changed the receiver should be tuned over its full range to determine
the points of worst response. '

For group D the “apparent sharpness of signal” method outlined
may be employed with a modulated generator set at high inputs slowly
tuned over a wide frequency range. The points will generally be found
rather close to the receiver’s tuned frequenecy. Points falling within ten
kilocycles of the frequency for which the receiver is tuned may be
better identified by using one generator without modulation and listen-
ing for a whistle. Early stages in the receiver may be overloaded in
doing this and it is better to move the receiver tuning a few kilocyecles
and repeating the first part of the test. Undesired responses will
change in relation to the signal if they were previously masked by
overloading and may be identified after slightly altering the receiver
tuning. Usually if one of the group D interferences is bad, they all will
be of about the same order so that 1t is unnecessary to be concerned
over masked interferences until final tests are made.

In all receivers which have been tested in actual operation near an
operating transmitter, those with small excitation coupling to the con- _
verter are outstandingly better in lack of undesired responses This veri-
fies the laboratory results. By field test the group D interferences have
been found to be serious in magnitude in receivers employing high ex-
citation for the converter. These responses should be reduced to the

neighborhood of several hundred thousand times for satisfactory opera-
tion near transmitters.

D > © o W ..
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THE PRESENT STATE IN THE ART OF BLIND LANDING OF
AIRPLANES USING ULTRA-SHORT WAVES IN EUROPE*

By
E. KRAMAR

(C. Lorenz Aktiengesellschaft, Berlin-Tempelhof, Germany)

Summary—In a previous issue of the PROCEEDINGS' we published a paper
concerning the application of ultra-short waves in connection wilh navigation, based
on the glide path proposed by Diamond and Dunmore. That paper not only explained
the advanlages of using radio beacons for this range of waves but also made mention
of the fact that it is deemed expedient lo use radio beacons operating on ullra-short
waves for blind landing of airplanes. M canwhile this idea has been developed further
so that we are now in a position to report on the resulls of tests made with this method
of blind landing. At present this method is on the verge of being iniroduced in Europe
on a large scale. Bestdes the beacons installed in Berlin and Z1irich which have been
in service for a considerable length of time, the German airports at Hannover, Cologne,
and Frankfort (Main) will be equipped with radio beacons by the time this paper is
published. Simtlar equipments are in course of installation in the German airporls
of Munich and Konigsberg, and in the coming months will be installed in France,
England, Poland, Austria, Sweden, Czechoslovakia, Denmark, and Japan.

EGULARITY and reliability of service, as a matter of princi-
R ple, are the fundamental requirements for any conveying means
including aircraft. In view of the exceedingly high speed of air-
craft the aviation technique above all demands a very high degree of
refinement in design for the navigating instruments, the use of which
becomes of utmost necessity when there is no visibility to ground and
when the pilot cannot check the altitude of his airplane on the one
hand and the direction of movement as well as the respective position
on the other except by means of his navigating equipment.

Whereas the instruments for use in blind flying have for a consider-
able time been advanced to such an extent that with proper training
the pilot has no difficulty in flying within or above the ceiling, wireless
clectrical methods which will allow aircraft to approach an airport and
then land with perfect safety in case of poor or zero visibility have been
but recently developed.

I. FUNDAMENTALS OF OPERATION

For international European aviation it was found necessary to de-
velop the means for blind landing in such a way as to allow of its being
easily added to the existing ground radio stations. In Germany a trial

* Decimal classification: R528. Original manuscript received by the Insti-
tute, April 29, 1935.

1 B.+Kramar, “A new field of application for ultra-short waves,” Proc.
I.R.E., vol. 21, pp. 1519-1532; November, (1933).

1171 .

s




1172 ' Kramer: Blind Landing in Burope

plant for bad weather landing, manufactured by the C. Lorenz A. G.,

was installed in the airport of Berlin-Tempelhof in 1932 under the

auspices of the German Ministry of Aviation. This system was demon-
strated to the members of the International Aviation Conference in
Berlin in January, 1933. The subsequent conference (Geneva, 1934)
as well as the meetings held by experts on aviation wireless matters
(Paris, November, 1933, and Warsaw, September, 1934) dealt with the
state of this system and fixed the wave for the landing beacon (9
meters, 33.3 megacycles) as well as that for the marker beacons or
entrance signals (one wave between 43.0 and 33.3 megacycles) and also
determined the modulating frequencies for the individual transmit-
ters. These resolutions and the tests meanwhile carried through with
the system have led to starting the installation of a landing radio bea-
con system to serve Germany as well as part of the neighboring coun-
tries..

II. DEscripTiON OF THE GROUND STATION

The following is a detailed description of the technical features of
the system which has been built by the C. Lorenz A.G. in accordance
with the specifications of the German Ministry of Aviation. The tasks
to be fulfilled by the individual transmitters are as follows:

1. Determination of the direction of approach; i.e., of the sector
of approach not endangered by obstacles, a range of about 30 kilo-
meters (altitude 400 meters) being demanded, corresponding to a time
of approach of about 8 to 10 minutes. '

2. Transmission of the entrance signals; i.e., signals marking the
distance from the airport, the transmitter of the first or warning signal
preferably to be located where the pilot is to start landing.

3. Vertical navigation ; which problem will best be solved by the use
of a glide path as proposed by Diamond and Dunmore?, to assist the
pilot when his airplane is gliding down, The glide path begins at the
warning signal and ends, in the case of small landing places, at the

main signal and in the case of large places at a certain point of landing
in the airport,.

cause it offers the following advantages:

~ Limited range, therecby rendering it possible to have aj] airports
operate at the same wavelength, without interfering with one an-

2 H. Diamond and F. W. Dunmore, “A radio beacon and receiving system
for blind landing of aircraft,” Bur. Stan. Jour. Res., vol. 5, p. 897, (1930); Proc.

LR.E., vol. 19, p. 585-627; April, (1931).
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other, the receiving set requiring no adjustment in going from one
airport to another making possible automatic operation.

Discrimination between communication service on medium
waves and navigation for landing on ultra-short waves so as to
eliminate interference between said circuits.

No atmospheric disturbances and no night effects in this wave
band.

Simple and safely operating beam antenna systems of highest
efficiency of radiation and of small dimensions at the transmitting

end.
Possibility of combining the approach and the glide path on the

same wave.

Course

0

L ,~

4

Fig. 1—Ultra-short-wave beacon.
Propagation diagrams
1. (a) Transmitting dipole S alone.
\ (b) Transmitting dipole S with reflector k.
II. (¢) Transmitting dipole S with reflector E,.
(d) Transmitting dipole S with reflector R..

III. Formation of guide ray.

1V. Principle of reflector keying.

The direction of approach is indicated by a guide ray beacon of the
reflector type.® Independent of position, altitude, course of the air-

k3
3 British Patent, 405,727, C. Lorenz A.G., Berlin; Prior, Germany, September
2, 1932; German Patent, 616,026, C. Lorenz A. G., Berlin, April 6, 1934.
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plane, and wind drift the pilot is in a position to know from the indica-
tions received from the ground whether he is approaching the airport
from the proper direction. The method of transmission has already

) been reported on previously in the PrRocEEDINGS, so that Fig. 1 may
suffice as a reminder.

Warning Signal
79m (1706~)

. Main Signal
79m /77M~}

] ——
g Starboard’
D Beacon
% E Part ) Sm (1150~)

' '
o f5ef —————

Fig. 2—Keying and modulation characteristics of entrance
and beacon signals,

Each of the two distance or entrance signalsis provided by a small
transmitter feeding a horizontal dipole. With the proper distance from
ground, a “wall” of signals is brought about which the airplane has to
pass when approaching. The two signals differ in modulation and key-
ing (Fig. 2).

With respect to the glide path, viz., vertical navigation, the idea
of the airplane gliding down on a line of equal field strength is made use
of as developed by Diamond and Dunmore, However, compared with
the latter method, the system now described shows two principal differ-
ences:

______________ Direction of Approach

:) Plane of Guide Ray
’

~—

Fig. 3—Vertical and horizonta] directional characteristics of
beacon transmitter.

1. In order to produce this glide path the same transmission ar-
rangement is used as for determining the direction of approach; i.e.,
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vertically polarized radiation from a vertical antenna is employed.*

~ (Fig. 3.) This provides a field strength pattern similar to that produced

by the horizontally polarized antenna array developed by Diamond.
This saves not only a special transmitter with its directional system but
above all saves a special receiver on board the airplane.®

2. It is possible to calibrate the receiver by noting the beacon signal
indication when intercepting the landing beam at the moment the
warning signal is received, the plane being at a known altitude of ap-
proach (Fig. 4). If, for instance, a certain altitude of approach is fixed

Main Signal Warning Signal

Beacon [FAIrPOrt —|

Locearngr =]
A xr\\//\//g\\l = 7{;3’;,: N N AN N NENEL N SN
> —»{abt -3 km re—
Point of Conlact (abt. 019 miles)

j

with Ground

[e—abt.3km (=abt.1-9miles)

Fig. 4—Diagram illustrating method of utilizing simultaneously the
entrance and beacon signals.

which the altimeter indicates at a precision of about + 10 per cent, the

. plane of the warning signals cuts out, from the multitude of field

strength lines, the one which independent of its absolute magnitude
characterizes the glide path. Independent of the transmitter output
and of the sensitivity of the receiver it is, therefore, only necessary

" when gliding down to adhere to this particular intensity of beacon sig-

nal;i.e., the deflection’indicated by the respective instrument when the
airplane passes the warning signal. Only during the few minuteé of
landing does the radiation of the transmitter and the sensitivity of the
receiver have to be constant and this may readily be brought about.
The absolute measurement of the field strength is thus changed into a
relative measurement which ¢onsiderably increases safety of opéra-
tion.® L ' .
Some technical data“‘fo'rv_y}fe' system are given below:
Fig. 5 shows an air’ﬁbf‘f where one landing beacon and four trans-
mitters of entrance signals, are provided; the whole system is remote
controlled from the direction finding station communicating with the
airplanes. Depending upon the wind direction, one or the other:sector
may be beacon-marked, the glide path to be uséd, however, only’from
one side, inasmuch as where this is employed the airplane is allowed

19334 French add. Patent, 44,879, C. Lorenz A. G., Prior, Germany, _July 24,

19325 British Patent, 408,321, C. Lorenz A.G., Berlin; Prior, Germany; January 6,
B i R .

¢ German Patent, 607,237, C. Lorenz A.G., Berlin, Feburary 22, 1933.

an,
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Least 50m Above Ground) apd Blind Landings

Fig'. 5—Diagram of arrangement of radio beacons operating on ultra-short waves
for thick weather landings and blind landings at commercial airports in

Germany.

F Airport V,V: Warning signal
---- Boundary of airport « Guide ray

P Direction finding station B Sector free of obstacles

B Approach beacon — - — Center line of landing path
H\H, Main signal —— Remote control cable

Fig. 6—Beacon transmitter.

only to. apprqach, but not to pass, the beacon. The remote control
makes it possible to operate the beacon by one pair of signals or the
other; accordingly the keying of the beacon is automatically changed
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over in such a way that, always looking in the direction of approach,

. dots are on port and dashes are on starboard.” The idea of this method

is to relieve the pilot of unnecessary brain work and to save him from
switching the direction indicator, placing all the responsibility for the
proper approach on the ground station.

The beacon transmitter, Fig. 6, is quartz controlled, operating at
a frequency of 33.3 megacyecles; it has five stages with an antenna out-

m Thickness
1 500 of ,wall”
. | Movement
| 250 B
! | |of Aircraft
| . O,
6000 400 200 O 200 400 600 m 200 100 0 100200 m
Longitudinal Section Transverse Section

@

. Radiation as Sen from Above
Fig. 7—Radiation diagram of signals (according to measurement flights).

put of 500 watts and 90 per cent modulation with a frequency of 1150
cycles. It is fed solely by selenium dry rectifiers. The maxinum height
of the antenna system is seven meters.

The main and warning signal transmitters (38 megacycles) are like-

wise quartz controlled, three stages, providing an antenna output of
5 watts and 90 per cent modulation (700 and 17007cycles). The hori-
zontal dipoles are arranged about four meters above a specially shaped
reflector surface and are made so as to give a diagram as shown in
Fig. 7. -
The remote control apparatus (Fig. 8) is arranged at the direction
finding station and serves for cutting in and out the beacon and the
associated groups of signals. This instrument also allows of a satisfac-
tory supervision of the operation of the whole system; in case of trouble
it is possible to locate the fault (cable, power supply, or transmitter) at
once, so that the trouble may be eliminated promptly.

I111. EQUIPMENT ON BOARD THE AIRCRAFT

In designiﬁg the receiving set the features stated below had to be
taken into account: Full automatic operation; i.e., no attention re-

7 German Patent, 612,825, C. Lorenz A. G., Berlin, May 8, 1934.
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quired during the approach; highest degree of safety;i.e., limited num-
ber of valves, low weight.

The receiver of the beacon of approach (wave of nine meters modu-
lated with 1150 cycles) is provided with a high-frequency stage of
amplification, a detector, and two low-frequency amplifying stages.
Automatic control of amplitudes takes care of converting the exces-
sively large variations of the field intensity during the approach into

Fig. 8—Remote control of apparatus.

allowable variations of volume in the head receiver.® The volume of
beacon signal is indicated by an instrument of the rectifier type (indi-
cation of distance and glide path). Furthermore the special instrument
for indicating the lateral deviations (port and starboard deviation) is
connected to the second low-frequency stage through a rectifying tube
(Fig. 9).°

ber 182,Blr;3t?gh Patent, 424,275, C. Lorenz A. G., Berlin; Prior, Germany, Decem-

19349 French Patent, 786,613, C. Lorenz A. G., Prior, Germany, August 14,
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. »

A second detector is provided for the reception of the warning and
main signals; the low-frequency amplifier of the nine-meter receiver is

also used for amplifying the modulating frequencies of these signals.

Yolume-indication of r "‘

Worning Approximate Distance Drrection May ]
Signal . Indicator | Sgnal |
Landing Path | L b

Fig. 9—Visual indicator assembly.

A head receiver is directly connected to the second low-frequency stage
so that all of the three frequencies may be received acoustically. For
the visual indication, however, the frequencies must be separated;
this is done by a special band-pass filter. As may be seen from Fig. 10,
the two instruments respond only to the beacon frequency both as re-

20~ oy
Ampfitude fegolation S
Dstance
Ecde Poth

Ko Stoge |} Getecton —
m

om JASL Stage |1 fatten e
L4
. Port T Stordoord
Detecter N
2om > il Moia Siguol

Fig. 10—Diagram of receiving circuits.

gards indication of distance and glide path on the one hand and of
lateral deviations on the other hand. The same holds true for the auto-
matic amplitude control circuits which control only the nine-meter
channel. The warning and main signals thus do not affect the two indi-
cating instruments or the amplification of nine-meter signals. Each
one of the two entrance signal modulations causes a small glow lamp to
flicker in the rhythm of keying the signals. This arrangement is neces-
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ﬂ 3 . .
sary in order to eliminate as far as possible any mistakes concerning the
signals as well as erroneous indication.

Fig. 11-—Installation of the receiver. (Aluminium coverings of airplane re-
moved.)
9-meter receiver
7.9-meter detector
Filter chain
Battery box
Loading coil of long-wave transmitter (the latter does not belong to the
ultra-short wave equipment).

P SPRSE

Fig. 12—Visual indicator assembly on the pilot’s instrument panel.

A vertical rod of about 80 centimeters in length serves as aerial
for the nine-meter wave in the airplane. The entrance signals require a
horizontal dipole; it consists of two wires of 80 centimeters in length,
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arranged in longitudinal direction underneath the body of the airplane.
A spacing of about five centimeters from the metal surface is considered
sufficient so that the air resistance is negligible.

Inasmuch as the receiving equipment requires no attendance or

'adjustment whatever, it need not be accessible and is, therefore easy

to mount in an airplane. Fig. 11 shows the receiving set mounted in a
“Junker 52” cargo aircraft of the Deutsche Lufthansa; Fig. 12 shows
the instrument mounted on the pilot’s instrument panel.

IV. LANDING PERFORMANCE USING THE SYSTEM
DEscriBED IN SEcTions II anp II1

It is assumed that by some sort of straight-line direction finding the
airplane has come within the range of the landing beacon;i.e., for about
thirty kilometers round the airport. From this moment when the pilot
visually from the instruments or aurally by means of his head receiver
perceives the signals sent by the beacon—the way of reception is left
to the pilot’s choice, both indications being given simultaneously—he
will try to come as quickly as possible in the correct direction of ap-
proach which is prescribed by the continuous dash zone of the beacon.
In his further approach the two instruments enclosed in a common cas-
ing advise him on the one hand of his position with respect to the
proper direction of approach; i.c., port or starboard deviation, respec-
tively, and on the other hand advise him of his approaching the airport
by the increase in volume of beacon signal. The deflection of the needle
to the latter effect gives a rough measurement of the distance. The
pilot will now slowly go down to an altitude of 200 meters and will
wait for the warning signal. At the moment the pilot hears the charac-
teristic signal and perceives the flickering of one of the glow lamps he
switches his receiving set to “glide path” and throttles the motors;
when gliding down he tries to adhere to, or to reach again, until he
arrives at the main signal, the particular deflection now indicated by
the beacon signal measuring device; flying below this mark means
danger. The main signal, discernible by the deep sound on the flicker-
ing of the other glow lamp, indicates that the airplane is near the boun-
dary of the airport.

The pilot when gliding down is also advised of the exact direction
visually and aurally in the same manner as during the preceding ap-
proach.

The system described in this paper has been thoroughly tested un-
der the auspices of the German Ministry of Aviation in codperation

-with the Deutsche Lufthansa and the Deutsche Versuchsanstalt fir

Luftfahrt (German Research Institute for Aviation). More than 1000
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training flights made by the Deutsche Lufthansa offered a good chance
for studying in detail the operating requirements in order to be able to
comply as far as possible with the requirements of actual service. Al-
ready the Deutsche Lufthansa has equipped about twenty per cent of
all aircraft with the necessary equipment and plans to provide all air-
craft of the most important air routes with landing receiving sets by
next fall. By that time all of the larger airports in Germany will have
been equipped with the corresponding ground stations.
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AN ANALYSIS OF CONTINUOUS RECORDS OF FIELD
INTENSITY AT BROADCAST FREQUENCIES*

By

K. A. NorToN, S. 8. Kirsy, AND G. H. LESTER
(National Bureau of Standards, Washington, D.C.)

Summary—Conltinuous records of the field inlensities of most of the broadcast
stations in the Uniled States have been made at the N ational Bureau of Standards
receiving station near Washington, D. C. Typical records of received field inlensi-
ties from several stations are presented. M aximum field intensities during len-
minule time intervals are analyzed in the following ways to illustrate sky-wave propa-
gation phenamena at broadcast frequencies for distances up o 4000 kilometers.
(1) The diurnal variation of the len-minute mazxima is given, for several stations.
(2a) The variation of the ten-minule marima is shown with respect to distance

for night field intensities. (2b) These variations are also shown for sky waves re-

ceived during the daytime. Empirical formulas are developed to represent the data of
(2a) and (2b). The data are explained in terms of a theory of propagation of waves
in the tonos phere.

During the past three years graphical records of the field intensity of over three-
hundred broadcast stations in the United States and Territories have been made al
the National Bureau of Standards receiving station at Meadows, Maryland, near
Washington, D.C. The method used for recording the field intensity s described
elsewhere. It is the purpose of this paper lo report these data and some of the con-
clusions reached from an analysis of these records.

]. EXPERIMENTAL DATA

N ORDER to illustrate the type of field intensity record obtained

and some of the general characteristics of the phenomena under

consideration, some typical records are given«of the received field
intensity from broadecast stations WLW in Cincinnati, Ohio, and
WCKY in Covington, Kentucky. The upper record in Fig. 1 shows
the received field intensity of WLW as measured at the Meadows
field station (latitude 38° 48’ 32"N., longitude 76° 52’ 40"W.). From
6 aA.M. to 1 a.M. the power used was 50 kilowatts and from 1 4. to
5:30 a.M. the power used was 500 kilowatts. It is evident from the
records that transmissions were stopped intermittently between 2 a.M.
and 6 .M. The inverse distance values were calculated on the assump-

* Decimal classification: R270. Original manuscript received by the Insti-
tute, October 29, 1934. Presented before Ninth Annual Convention, Philadel-
phia, Pa., May 30, 1934, and before General Assembly, International Scientific
Radio Union, London, England, September 12-18, 1934. Published in Bur. Stan.
Jour. Res., vol. 13, pp. 897-910; December, 1934. Publication approved by the
Director of the National Bureau of Standards of the U. S. Department of Com-
merce.

1K. A. Norton and S. E. Reymer, “A continous recorder of radio field in-
tensities,” Bur. Stan. Jour. Res., vol. 11, pp. 373-378; September 1933, (RP597).
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Norton, Kirby, and Lester: Field Intensity at Broadcast Frequencies 1185

tion that these indicated amounts of power were actually radiated.
The maximum received field intensities reach values two and one-half
times the inverse distance field intensities. The fading observed through-
out the daytime indicates a received sky wave of intensity comparable
to that of the ground wave since ground-wave field intensities are free
from fading. In order to indicate the relative intensity of this station
the intensities of the ground waves of the four local Washington sta-
tions are shown: WMAL, ‘630 kilocycles, 500 watts, 14 kilometers; -
WRC, 950 kilocycles, 500 watts, 19 kilometers; WJSV, 1460 kilocycles,
10 kilowatts, 15 kilometers behind directional antenna; WOL, 1310
kilocycles, 100 watts, 17 kilometers. On the lower record 500 kilo-
watts were used throughout the day. The peak field intensity was
only 17 millivolts per meter on this day as compared to 25 millivolts
per meter a week earlier. Such a variation is typical of night field in-
tensities at broadeast frequencies. The period of the night fading at this .
frequency is about five minutes. ,
Fig. 2 shows two records of WCKY, the upper record for June 23
near the summer solstice and the lower record for December 20 near
the winter solstice. The most conspicuous difference between the two
records is the absence of any recordable field intensity during the
summer day and the relatively strong sky wave present during the
winter day. The peaks which may be seen during the summer day
represent interference from other stations, only a weak beat note
being audible for WCKY. The noise level at night is about eight
times as strong in the summer. Also the night field intensities are about
twice as strong in the winter record. Notice particularly the night
fading at this frequency which has a period of abiout one and one-half

"minutes. The record from midnight to 7 a.m. reﬁrésents atmospherics.

In order to condense the enormous amount of data obtained, our
records were analyzed in terms of the peak field intensities which were
observed during ten-minute intervals. It may be mentioned that the
average of six' consecutive ten-minute maxima corresponds closely to
the quasi-maximum field intensity for the hour;i.e., the field intensity
which is exceeded during the hour only five per cent of the time. In
order to make:some correction for the power it was assumed that each
station radisted one half of its rated power. Admittedly this was a
very poor assumption but it was about the best that could be done in
view of the fact that for most stations the amount of power which is
radiated is not known. As an illustration of how poor this assumption
regarding radiated power may be in some cases it may be mentioned
that WLW with a rated power of 500 kilowatts actually radiates at low
angles'power equivalent to 870 kilowatts for the ordinary vertical dis-
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Norton, Kirby, and Lester: Field Intensity at Broadcast Frequencies 1187

" tribution assumed for other stations. The Usual formula for the radi-

ated power for a vertical infinitesimal doublet is used in these calcu-
lations; i.e., P,= F2D?/C?kilowatts, where F is the measured ground-
wave field intensity in microvolts per meter at a distance D in kilo-
meters, and C is the velocity of light in kilometers per second, In the

| few cases where field intensity measurements have been made near the

station, the radiated power was calculated by means of the above
formula in terms of these measurements. Such cases were the exception

' rather than the rule and still do not take into account the radiation

characteristics in the vertical and horizontal planes.

Fig. 3 shows the diurnal variation of the ten-minute maxima for
several clear-channel broadcast stations. They are shown on a loga-
rithmic scale with the calculated inverse distance field intensity equal

. to one. If we write F =AC~/P,/D, then each measurement of field in-

tensity determines an attenuation factor, A; these are the values
plotted in Fig. 3. The principal thing to be noticed here is the increase
in the ratio of the night field intensity to the day field intensity with
distance. The increase in this ratio is evident in spite of the fact that it
was impossible to keep all of the variables such as frequency and ter-
rain constant. It may be seen that these attenuation factors are
greater than one for all the stations at some time during the evening,
the highest peaks occurring for WGN which reaches a peak of four,
corresponding to four times the calculated inverse distance field in-
tensity. Of interest also is the fading observed at the greater distances
during the daytime indicating the presence of a sky wave of intensity
at least comparable to that of the ground wave. Evidence will now be
given to show that this sky wave during the daytime is much stronger
than the ground wave for distances greater than about 600 kilometers.

Fig. 4 shows the received daytime field intensities for a number of
stations corrected to one kilowatt of radiated power as a function of the
distance at those distances for which there is fading throughout the

day. Each point represents the average of the ten-minute peaks re-

ceived between 10 a.m. and 2 p.M. The open circles represent our
measurements made in December, 1933, the crosses are for January,
1934, and the solid ciréles are for April, 1934. The solid lines indicate
the theoretical variation of the received field intensity of the ground
wave at 1000 kilocycles for 10712 and for 10~ electromagnetic units
conductivity as taken from the Report of the U. S. Committee on
Radio Propagation Data.? The boxes represent measurements made
on WLW by their engineers. The open boxes are for measurements
east of WLW and the boxes with crosses are for measurements north-
2 Proc. ILR.E., vol. 21, pp.1419-1439; October, (1933).
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east of WLW. All of the measurements of WLW were made in Febru-
ary and March, 1934, when snow was on the ground. It is probable
that the received field intensities at distances greater than about 600
kilometers are primarily due to sky waves since the variation with dis-
tance departs from the theoretical ground wave curves at these dis-

tances.
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Fig. 4—Daytime field intensity measurements reduced to one kilowatt of radi-
ated power and given as a function of distance for broadcast stations in
the United States. The solid curves were taken from the Report of the
United States Committee on Radio Propagation Data and are theoretical
ground-wave formulas. The dotted curve represents an empirical formula for
distances greater than 600 kilometers. €

It was found that the empirical formula

1000+/P, ‘
F = - =5 (D > 600 km, winter day) (1)

fits the winter data satisfactorily for distances greater than 600" kilo-
meters. This formula is shown dotted in Fig. 4. It may be mentioned
that the daytime field intensity of WLW at 644 kilometers and on 700
kilocycles does not change much with season while the daytime field
intensity of WCKY at 688 kilometers and on 1490 kilocycles is at least
100 times as strong during the winter day as for the summer day. It
may be mentioned that the sky-wave formula (1) agrees with the Som-
merfelci ground-wave formula at great distances for values of conduc-
tivity gems =4f%- 10720 where f is the frequency in kilocycles; i.e., for
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a conductivity of 107 electromagnetic units at 500 kilocycles or a
conductivity of 107'* electromagnetic units at 1600 kilocycles.

In Fig. 5 the measured night field intensities are shown for about
three hundred stations as a function of the distance from the transmit-
ter. Most of these measurements were made after 2 a.M. during the
Federal Radio Commission’s frequency monitoring schedules. BEach
point represents the maximum during a ten-minute time interval or
the average of several such maxima but never more than six corre-
sponding to an hour. There is one point for each separate night that
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- Fig. 5—Night field intensity measurements reduced to one kilowatt of radiated
power and given as a function of distance for the broadeast stations in
the United States; the irregular curve represents a running average of the
data.

the station was observed. They were corrected for power so as to cor-
respond to one kilowatt of radiated power. It will be observed that
many of the maxima exceed the calculated inverse distance field as
was evident also on the diurnal characteristics. Some of this excess is
possibly due to too low an estimate of the radiated power but it is
believed that part of it is real and may be explained on the assumption
that several sky waves combine to give the observed maxima. The
three points at a distance of 7775 kilometers correspond to two stations
in Honolulu, Hawaii. The irregular curve shows the variation of night
field intensity with distance as determined by a running average® of

¢ The data were ordered according to distance. The field intensities for the
first ten distances were averaged to give an average field intensity for the dis-
tance correspording to the average of the first ten distances. The next average
value of field intensity was determined by averaging the fourth to the thirteenth
measured value of field intensity, etc. Since one application of this moving average
process did not result in a sufficiently smooth curve, the process was repeated
once to give the curve plotted in Fig. 5. -
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the data for distances less than 4000 kilometers. The general shape of
this curve with a rise between 400 and 1000 kilometers is characteristic
of broadecast transmission at night. The data obtained during the
months of December, 1933, January, February, and April, 1934, were
analyzed by months and no significant difference was found. However,
as summer approached, the measurements were less reliable on account
of the high atmospheric noise level, consequently small differences
could not be determined. Continuous twenty-four-hour records of the
field intensity as received at Meadows, Md., of station WEAF in New
York, are available for a period of over a year. Similarly records are
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Fig. 6—Two averages of night field intensity measurements together with the
graph of an empirical formula which was designed to represent the data.
available for WCKY in Covington, Ky., for over a year and for WLW
for a period of greater than six months. These records are now being
analyzed to determine samples of the seasonal vatiations at broadcast
frequencies. Similarly, the data were analyzed for four different fre-
quency ranges in the broadcast band and no significant changes with
frequency were found. Thus it may be concluded that there is no large
variation of night field intensity with season or frequency for the range

from 550 to 1500 kilocycles. ,
It was found that the empirical formula

1600 + D
F = CVP, i e ,
4.410,000 — 11,000D + 10D® (night sky wave)  (2)

fits the averaged data satisfactorily. This formula, together with the
average data, is shown in Fig. 6. The maximum sky-wave field inten-
sity predicted by (2) occurs at 580 kilometers.

Thye points plotted in Fig. 6 were obtained by an independent
method of averaging and give credence to thg major humps at 500,
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- 1000, and 1500 kilometers which were exhibited by the running aver-

age of the data. Each point represents the average of the measured

field intensities in a hundred-kilometer interval of distance plotted at

the average distance in the interval. The 0-100, 3200-3300, and 3400—

3500-kilometer intervals contained no measurements ; the maximum .
number of measurements per 100-kilometer interval was 30 which

‘were made in the 1100-1200-kilometer interval.

II. A THEORETICAL EXPLANATION OF THE DATA
Two simple theories of the attenuation of radio waves in the iono-
sphere were developed. The details of these theories are given in the
appendix. The attenuation was calculated from these theories and an
average polar diagram (i.e., v/F,({1), equation (23)) was then calcu-

90° 80° 70° 60° 50° 40°

—— A= sin ¢ e-'5cosd
e A= sind

Fig. 7—Theoretical average polar radiation characteristics for broadcast stations
in the United States.

lated from the averaged field intensity data given in Figs. 5 and 6.
Fig. 7 shows two polar diagrams thus calculated. It should be empha-
sized that these represent the average polar characteristic of all the
transmitting antennas multiplied by the polar characteristic of the re-
celving antenna. The receiving antenna was a vertical wire less than
a quarter wavelength long. The dotted graph was determined by set-

ting K=0 in (23) on the assumption that the waves were reflected
without absorption at a layer one hundred kilometers high; i.e., on

the assumption that the attenuation was due only to the fact that the
wave traveled to a hundred-kilometer layer and back. This assump-

tion corresponds for the purpose of our analysis to that used by P. P.
Eckersley* and later by Stuart Eallantin

factor A =sin ¢, where ¢; denotes the angle of incidence at the layer.

e® and gives an attenuation

¢ Proc. .LR.E., vol. 18, pp. 1160-1194; July, (1930).
® Proc. I.R.E., vol. 22, p. 619; May, (1934{ ( )
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(See Appendix I.) The amount of radiation above 45 degrees (see dot~
ted curve, Fig. 7) which is caleulated on this assumption is hardly as
much as might be expected from thé average transmitting antenna in
use by the stations measured. The solid curve in Fig. 7 was calculated
from the average data on the assumption that the waves were refracted
back to earth at a hundred-kilometer layer in which the ion density
varied exponentially with the height. This assumption gives an attenu-
ation factor independent of the frequency and equal to sin ¢re—ko® 1.
(See Appendix II.) The constant k was arbitrarily taken to be 1.5. It
is evident that a larger amount of high angle radiation is obtained with
an attenuation factor of this form and the relative amount may be
changed further by an adjustment of the constant k. Since the solid
curve in Fig. 7 has approximately the general.shape which might be
expected for \/P,({1), we are led to believe that (23) properly relates
the variables influenicing sky-wave propagation in the broadcast band
at night. The constant k, being theoretically proportional to the aver-
age collision frequency of the ions along the ray path, may very rea- "
sonably be expected to vary in a large measure from night to night
since small changes in k might cause large changes in the pressure and

‘thus in the collision frequency. This will explain the fact that field

intensity observations on the same station at a fixed distance vary
enormously from night to night. This probable variation in k may also
be offered as a partial explanation of the large variation of the data in
Fig. 5 above and below the averaged data; the remainder of this varia-
tion is probably due to a variation of P.($1) for the different stations
measured. '

For distances greater than 2000 kilometers the field intensities are
received after two or more reflections since the curvature of the earth
shields the receiver from the first reflection. At these distances also
the refraction theory gives a more adequate explanation of the data,
the simple reflection theory tending to predict too large values of re-
ceived field intensity. ‘

After the recent installation of the new 500-kilowatt transmitter
for WLW, their engineers made many field intensity measurements.

“Fig. 8 shows the results of several sets of measurements after they were

corrected for radiated power. Tlach point represents the maximum field
intensity observed at a given location. The period of observation for
each of these points varied from about five minutes to about five hours.
A loop antenna was used for reception. These data are in good agree-
ment with our own at the greater distances. The low values observed
between 300 and 500 kilometers are probably caused by the low angle
radiator (0.58\ vertical antenna) used by this station. Thus in the sin- '




|
1194 Norton, Kirby, and Lester: Field Intensity at Broadcast Frequencies

gle case where we have measurements at various distances on a station
for which we know the radiated power we obtain good agreement quan-
titatively with our averaged data or empirical formula (2) and qualita-
tively with our theory.

In conclusion we may enumerate the deductions made from the .
analysis of the data. Received night field intensities are often greater
than inverse distance, reaching their maximum values at about 600
kilometers. The average night field intensity for the average broadcast
station may be predicted by means of (2) but the individual measure-
ments on a station may be expected to vary by a factor of 10 above or
below its average. There are no large variations of received field inten-
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Fig. 8—Night field intensity measurements of WL W compared to averaged
data for other broadeast stations in the United States.
sity with season or frequency although, in general, the received field
intensity is slightly weaker in the summer. The variation of the re-
ceived field intensity at night with distance appears to be determined
primarily by the directional characteristics in the vertical plane of the
transmitting and receiving antennas. The theoretical formula (23)
seems to give an adequate explanation of the data, the variation of
P,(¢,) giving an adequate explanation of the variation of received
field intensity with distance and the variation of & giving a plausible
explanation of the night-to-night and diurnal variations. Field intensi-
ties received during the daytime at distances greater than about 600
kilometers are sky waves and may be predicted during the winter time
by (1). -
AprrENDIX I. REFLECTION

It is assumed in deriving this theory for the attermuation of sky

waves at broadcast frequencies that the waves are reflected or refracted
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back to earth from a layer in the ionosphere of virtual height 100 kilo-

. meters. The term virtual height is defined in papers by G. Breit and

M. A. Tuve,® and T."R. Gilliland, G. W. Kenrick, and K. A. Norton.”
The theory is applied.by making the further assumption that the pri-’
mary portion of the energy reflected back to earth reaches the receiver
after only a single reflection at the layer for distances less than about
2000 kilometers and after only two reflections for distances greater
than 2000 but less than 4000 kilometers. '

Fig. 9 shows the geometry for one of the n hops between the trans-
mitter and receiver. Let ¢, denote the angle of incidence of the waves

Fig. 9—Diagram indicating the geometry and the parameters concerned in
theory of sky-wave propagation.
at the layer, 2n6, the angular distance between the transmitter and
the receiver, and ¥, the angle above the horizon with which the waves
leave the transmitter or arrive at the receiver. Here n denotes the num-
ber of reflections at the layer which the waves make before arriving
at the receiver. Let R =6371 kilometers denote the radius of the earth,
k=100 kilometers denote the virtual height of the layer, and [ the dis-
tance from the transmitter to the layer. The geometry of Fig. 9 gives

sin 6,
tan ¢, = h - 3)

1 —cosb, +—
R

¢ Phys. Rev., vol. 21, p. 554, (1926).
7 Bur. Stan. Jour. Res., vol. 7, December, (1831), (RP390); Proc. LR.E.,
vol. 20, pp. 286-310; February, (1932).
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™
= — — ¢p — 0O,. 4
2 2 ¢ } (4) ”

-

If, as before, D denotes the distance in kilometers between transmitter
and receiver we have

D = 222.1n6, degrees. (5)
The greatest distance for which waves may be reflected back to

earth after a single reflection is determined by setting 1 =0 in (4) and
substituting the resulting value of ¢; in (3), whence,

Omax = COS™! = 10°5’. (6)

+ A
In Fig. 10 ¢, and ¢, are given graphically for one and for two re-
flections at the layer as a function of D. In general for n reflections we
have the relations

¢a(D) = & <§> )
Yu(D) = ¢ <§> (8)

If we assume that the waves are reflected at the layer without ab-
sorption, then they will be received with an intensity

F = E\lPT(’#n)An = _CY_\PT(§[/n) (9)
D 2nl
so that,
D 0,
n = sin ¢, >~ sin ¢, (10)

ol sin 6,

where the attenuation factor 4, simply gives the reduction in field in-
tensity due to traveling the inverse path distance as compared to the
inverse great-circle distance.

It is possible to neglect the ratio 0,/sin 0, since 4.5 for a hundred-
kilometer layer is only 10°5. Equation (10) then represents the attenu-
ation factor for a single wave at a reflecting layer and is applicable for
any finite distance between transmitter and receiver and for any num-
ber of reflections. It is evident that the succeeding reflections after the
first will be weaker in the ratio sin ¢./sin ¢y and wilk be neglected in
this discussion.
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Aprrenpix II. REFRACTION

Formula (10) was determined on the assumption that the waves
were reflected without absorption at the layer. If we set T'; equal to
the total attenuation along the ray path and v equal to the attenua-
tion per unit distance, then,

where S denotes the distance along the ray path and the integration
extends along the entire path. Now from the classical electromagnetic
theory® we have the relations

Nv
¥ — (12)
uw?
CN
pe=1-— (13)
7z
cos ¥, = sin op(l + 17> (14)
1

where NV denotes the ionic density, » the collision frequency of the ions,
# the index of refraction, w the angular frequency, Z the distance above
the surface of the earth at any point along the ray path, and € a con-
stant. Results of ionization measurements during the solar eclipse of
1932 as reported by S. S. Kirby, L. V. Berkner, T. R. Gilliland, and
K. A. Norton® indicate that the ionization during the daytime in the
E layer consists mostly of heavy ions so that the modification of (13)
due to the magnetic field of the earth may be neglected. At night this
1s probably no longer strictly true so that this constitutes one of the
approximations of the theory. Equation (14) denotes the invariant for
the ray path around a curved earth with ¢ denoting the angle which
the ray makes with the vertical. From (3) and (4) we obtain

¥ }
CoS ¥, = Cos (; - ¢, — 0n> = sin ¢>,,(1 -+ ;{;—) (15)

Combining (14) and (15) we obtain
R+ Z
R4+ hn
¢ See, e.g., P. O. Pedersen “The Propagation of Radio Waves, Copenhagen,

1927,

! Bur. Stan. Jour. Res., vol. 11, p. 829; December, (1933), (RP629 ; Proc.
L.R.E, vol. 22, pp. 247-265; February, (1934). ( Al )

sin ¢, = u sin ¢

= usin ¢. (16)

;r
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Since there will be no absorption except in the layer, Z will not be
much less than h throughout the range of integration so that we may
safely make the approximation of setting the ratio (R+2)/(R-+h) =1.
The ray reaches the highest point and the greatest ion density, say
N,, when sin ¢ =1 so that we obtain from (13) and (16)

2
w Land

Ny = -(-: cos? ¢n. (17)

At any point along the ray path we have

A d7 udZ
ds = - -— . (18)
cos ¢ o *N / ) N
1/ cos? ¢, - cns¢ﬂ1 N
Substituting (12) and (18) into (10) we obtain:
n * NvdZ n Ny NvdN
Py~ ———— [ —_— = — f — —  (19)
w? CO8 ¢p o "1 N w? cos ¢nv o AN "/fl N
No iz No

the first integration extending from the height for which N =0 to the
height for which =N, We will use the theorem of the mean to re-
place v by its mean value ? and assume that N varies exponentially

" with the height so that

no * Ve dN ,
ps D (PR 0
w® €cos ¢a v o / N
Vi
Using the new variable X =N/N, we obtain
nbNg LodX

r, ~—— —————— ~ NP COS ¢n. (21)
w? eos dado VI — X

No”

Thus we obtain the result that the attenuation along the ray path'®
is proportional to the product of the number of reflections, the aver-
age collision frequency of the ions and the cosine of the angle of
incidence at the layer. It is important to notice that the attenuation
for the assumed exponential distribution of ion density is independent
of the frequency. Since our results indicated no variation of received
field intensity with frequency and since an exponential distribution of

10 This same problem was solved in terms of somewhat less convenient

variables in a paper by Shogo Namba, Proc. .LR.E,, vol 21, pp. 238-263; Febru-
ary, (1933).




e esden IR U AR .

1200 Norton, Kirby, and Lester: Field Intensity at Broadcast Frequencies

ion density is very probable because of the exponential absorption in
the ionosphere of ultra-violet radiation from the sun, (21) very likely
has the correct form. Combining the attenuation effects due to (10)
and (21) we obtain the general expression for the attenuation factor
for a ray after n reflections at the layer

A, = sin ¢,e ™k cos én (22)

and the field intensity of this wave will be

c
Pr= SN/ Br(fn) sin guot o0 n (23)

where the radiated power is for the angle ¥ ,(D) and % is a constant in-
dependent of D and f but proportional to the average collision fre-
quency of the ions along the ray path.
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NEGATIVE RESISTANCE AND DEVICES FOR
OBTAINING IT*

Py
L. W. HErOLD

(RCA Radiotron Company, Inc., Harrison, New Jersey)

Summary— By the use of a concept dueto C'risson, negative resistanceis shown
to be a phenomenon controlled by either current or voltage but not by both together.
Thus, two main classes are found differing in the shape of the voll-ampere character-
istic, in the conditions for stabilily, in the effect of an added positive reststance, and
in the effect of an inlernal time lag. Reliability, good power conversion effictency,
and a low ratio of the unavoidable self-reactance to the negalive resistance are men-
tioned as being desirable characteristics of any negative resistance. A figure of meril
for the voltage controlled type is shown to be 1/ wCyRy, where Cyis the unavotdable
effective shunt capacitance. In the current controlled case Ro/wL, is shown to be a
merit factor, L. being the eflective series inductance. The addition of external positive
resistance lowers the figure of merit for the combinalion.

A number of well-known devices are discussed after classifying them in three
groups according to principle of operation. The simple group includes such devices
as the dynatron and arc which produce negative resistance belween two elements.
The direct coupled group comprises primarily vacuum tubes having negative trans-
conductance in which negative resistance is produced by a direct connection between
the controlling and controlled electrodes. The general properties of the negative trans-
conductance tube as a negative reststance are detailed, including the effect of inter-
electrode capacitances. The third group, the reverse phase coupled group, s included
but not treated in detail. It com prises vacuum tube arrangements requiring a phase
reversing means for coupling the controlling to the controlled electrodes.

Applications of negative resistance to the production of sinusoidal and relaza-
tion oscillations, to circuils having special properties, and to measurement work,
are mentioned with frequent reference to the bibliography. I» addition, the features
of a tube having negative transconductance as an amplifier are pointed out.

In conclusion a section is devoted to the characteristics of the type 57 tube which
has negative transconductance between the third and the second grid. As a voltage
controlled negative resistance, this tube will produce a negative resistance of 3500
ohms with a tolal cathode current of only seven milliamperes. This performance ts
believed to be better than that of most dynairons.

INTRODUCTION

EGATIVE resistance has held considerable interest in radio

i \Ti communication since Full first disclosed the dynatron. In spite
of the fact that many other arrangements permit the production

of negative resistance, the words “negative resistance” immediately
suggest the dynatron. A study of the field, however, indicates that a
* Decimal classification: R139. Original manuscript received by the Insti-
tute, September 21, 1934. Presented in part before Washington Section, April 9,

1934.
1201
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large number of usable devices produce this effect, and some of them
have qualities in some respects superior to those of the dynatron. It is
the purpose of the following discussion both to indicate the fundamen-
tal physical principles of negative resistance and to emphasize the use-
fulness of negative resistance in communication work. In particular,
it is hoped to emphasize the advantages of some of the less well-known
methods of obtaining negative resistance.

Although the words “negative resistance” indicate the opposite of
positive resistance, devices which possess it are necessarily limited in
the energy which they can handle, so that they exhibit negative resis-
tance symptoms only over a limited range, a property not ordinarily
associated with positive resistance. A positive resistance dissipates
energy proportional to the square of the impressed voltage or current,
whereas a negative resistance generates energy proportional to the
square of the impressed voltage or current. In order to generate energy
proportional to an impressed electrical disturbance, a negative resist-
ance must have a source of energy and some means of controlling it.
Crisson! presented a useful picture of how the generated energy of a
two-terminal device may be made proportional to the square of the
impressed voltage or current. His picture was in terms of an ideal
amplifier, such as shown in Fig. 1(a), where an impressed electromo-
tive force at the input terminals generates a proportional voltage or
current at the output terminals. If the input terminals are connected
to the output terminals, as in Fig. 1(b), it is now evideat that the out-
put of the amplifier becomes proportional to the voltage across the
output terminals. In order to obtain negative resistance, the connec-
tions must be made in such a way that instability will result unless
the voltage is limited by the connection of an external resistance of a
low enough value across the terminals. The operation of such an ar-
rangement when a small impressed electromotive force (represented
by the generator in the figure) is considered, is such that the voltage
across the terminals causes the amplifier to send a proportional cur-
rent through the external circuit in such g direction that its IR drop
through the external resistance adds to the original impressed voltage.
As the external resistance is increased, the voltage added to the origi-
nal disturbance is Increased, until the external resistance becomes so
high that the IR drop in this resistance becomes greater than the con-
trolling voltage needed to produce the current I, and the regenerative

effect causes instability. This condition occurs when the external re-
sistance is greater than the negative resistance. The negative resistance
produced by the amplifier is indicated by the ratio of the voltage incre-

! Numbers refer to bibliography.
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ment to the current increment across the terminals. The greater this
ratio, the higher the negative resistance, and thus, the greater the
voltage that is required to produce a given current. Therefore, we may
say qualitatively that in this case a low value of negative resistance is
desirable. Another way of producing negative resistance is to connect
the input terminals of the amplifier across a resistance in series with
the amplifier output, such as is shown in Fig. 1(c). In this case the
amplifier input, and hence its output, is proportional to the current
through the circuit rather than to the voltage across it and the be-
havior is quite different. Instability will now result when a sufficiently

© ioeaL T

N~ oUT—
O] AMPLIFER L

(@)

[

IDEAL

AAA

N
L‘/\/“vv“l

AMPLIFIER |_|

(b} VOLTAGE CONTROLLED

V‘\.J

o ——0--
IDEAL 4 EXTERNAL =
_. RESISTANCE -¢

——

AMPLIFIER L1 o ANAA 0

(CYCURRENT CONTROLLED

Fig. 1—Ideal amplifier used to illustrated conception of
negative resistance.

low external resistance is present. The operation with an impressed
disturbance is now such that the current through the circuit causes
the amplifier output voltage to oppose the IR drop in the external re-
gistance. The original current is increased by this effect. As the external
resistance is decreased, the current is increased until the external re-
sistance is so low that the regenerative effect causes instability. The
unstable condition occurs when the external resistance is less than the
negative resistance. The negative resistance produced is again indi-
cated by the ratio of voltage-to-current increment but in this case,
since current control is used, a high ratio or a high negative resistance
is desirable so that the maximum voltageis generated for a given current.




Q= i e T T e T

1204 Herold: Negative Resistance

The two methods of producing negative resistance which have been
described are illustrative of a fundamental principle underlying all
negative resistance devices. A physically realizable negative resistance
is not the reverse of a positive resistance (in which the current-voltage
relationship is an interdependent one) but utilizes an internal phenom-
enon which depends only on the voltage or only on the current. The
words “negative resistance” are, therefore, somewhat misleading but
their widespread use discourages an attempt to introduce a new name.
Throughout the following discussion, devices will be repeatedly re-
ferred to as voltage controlled negative resistances and as current con-
trolled negative resistances, since it is into either of these two classes
that all arrangements must ke placed. To summarize, a negative resist-
ance, as the term is here used, comprises a two-terminal device with
an internal source of energy which is controlled either by the current
through or by the voltage across these terminals but not by both.

Historically, Barkhausen? was one of the earliest investigators to
indicate the fundamental difference in behavior of the two types. The
first clear and conclusive demonstration of the universal validity of the
current or voltage control principle seems to have been made by
Steimel.?

CHARACTERISTIC DIFFERENCES BETWEEN THE Two CLASSES
OF NEGATIVE RESISTANCE

Since it is found that the voltage controlled and current controlled
negative resistances behave differently when inserted in a circuit, it
may be useful to list some of the major differences between the two
from the circuit point of view.

1. Curve Shape

The volt-ampere characteristic of a negative resistance would be
expected to have a negative slope over an appreciable range. The re-
gion of negative slope is fundamentally limited by the limited source
of energy available; a second limitation is imposed by whatever con-
trols the source of energy and enables the negative slope to occur. In
the characteristic of a voltage controlled device (a typical one is shown
in Fig. 2(a)), the limitations cause the negative resistance at the ends
of the straight part to increase passing through infinity and becoming
positive. This is clearly the result of the voltage control, since towards
the ends of the negatively sloping part, a small increment in voltage
fails to produce the change in current which it would produce were
the increment applied to the center of the characteristic. In the typical
volt-ampere characteristic of a current controlled negative resistance,
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as shown in Fig. 2(b), the limitations cause a smaller voltage change
for a given current increment at the ends of the straight part and the
negative resistance at the ends passes through zero and becomes posi-
tive. It should be noticed from the figures that phenomena observed
with the resistance in the one case will be observed with the conduct-
ance in the other, since an interchange of the current with the voltage
axes of either of the two, causes the characteristics to be similarly
shaped. This fact is most important because it enables the immediate
converting of all phenomena established for the one type of negative
resistance, to analogous phenomena for the other.

£ £

—_— -

{a) VOLTAGE CONTROLLED (b) CURRENT CONTROLLED
Fig. 2—Falling characteristics exhibited by negative
resistance devices. '

EI Al

2. Conditions for Stability

An unstable point of operation may be said to be one in which an
infinitesimal fluctuation of current or voltage is sufficient to cause the
point of operation to shift automatically to another point, usually a
stable one. The voltage controlled negative resistarice operates at a
stable point when the external positive resistance is less than the nega-
tive resistance at the point. This was established in connection with
Fig. 1(b). Use of the resistance-conductance analogy mentioned under
Curve Shape indicates that the current controlled negative resistance
operates at a stable point when the external positive conductance is
less than the negative conductance at the point; i.e., the external posi-
tive resistance must be greater than the negative resistance at the
point.* This has been already established in connection with Fig. 1(c).

* In order to measure the volt-ampere characteristic of a current controlled
negative resistance such as the one shown in Fig. 2(b), it is necessary to insert
a high stabilizing resistance in series with the supply battery.
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3. Conditions for Excitation of Oscillation in a Tuned Circuut

A voltage controlled negative resistance is suitable for exciting os-
cillations in a circuit which has a high resistance at resonance; e.g.,
a parallel tuned circuit of L,(, and ».3* The condition for oscillation
is that the negative resistance ke less than L/Cr. A current controlled
negative resistance will similarly excite a circuit which has a high con-
ductance (low resistance) at resonance; e.g., a series tuned circuit.®
The condition for oscillation is that the negative resistance be greater
than the positive resistance of the circuit. Use of the wrong combination
- of circuit and negative resistance results in parasitic or relaxation os-
cillations, if any occur at all.?

4. Conditions for Excitation of Degenerated Sinusoidal or Relazation

Oscillations®$

If the capacitance of a parallel tuned circuit is made vanishingly
small and the resistance of the inductance coil is sufficiently low, the
connection to the usual voltage contrclled negative resistance with
limited negative slope may result in oscillations whose period depends
on a relaxation time. Similarly, if the inductance of a series tuned cir-
cuit connected to a current controlled arrangement is made vanish-
ingly small, relaxation oscillations may occur. In both cases the peri-
odicity of the oscillations is usually a function of the time constant
of the complete circuit.

5. Effect of Added Positive Resistance

If a voltage controlled negative resistance is not sufficiently small
to excite a particular tuned circuit, the additicn of series positive re-
sistance will lower the effective negative resistance.” Analogous rea-
soning indicates that positive resistance shunted across the current
controlled device will raise the negative resistance. The possibilities of
these methods are seriously limited by the unavoidable self-reactance
inherent in a negative resistance devices. A more detailed treatment
will be given in a later section,

6. Effect of Time Lag between Cause and Effect

In many negative resistance arrangements, the control mechanism
introduces an unavoidable time lag between the application of the
control factor and the resulting output. The effect causes the dvnamic
volt-ampere characteristic to become a loop departing noticeably from
the static characteristic. For small time lags, in the voltage controlled
case, the sense of rotation of the loop is clockwise and the effect of
the circuit may be considered as the result of a negative resistance
without lag shunted by a capacitance. An example is given in Fig. 3(a).

P o T
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The loop in the current controlled case has a sense of rotation which is
counterclockwise so that the circuit effect is that of a negative resist-
ance without time lag in series with an inductance. An illustration of
the effect in the current controlled case is shown in Fig. 3(b). Since
the values of the effective capitance introduced in the one case and
the effective inductance in the other are functions of the frequency,
the effects cannot be eliminated and the behavmr must be considered
as a function of frequency.

DYNAMIC

STATIC

__E_’
{a) VOLTAGE CONTROLLED

, £
(b) CURRENT CONTROLLED

Fig. 3—Dynamic loops occurring with short time lag
between cause and effect.

DESIRABLE CHARACTERISTICS OF A NEGATIVE RESISTANCE

The desirable characteristics of a negative resistance, just as in the
case of other amplifying arrangements, are dependent to a great extent
upon the use to which the device is to be put. For most general use,
a negative resistance should be reliable, convenient, and simple to use,
and should have reasonably good efficiency in transforming supplied
power into uscful power. The ability to produce either voltage con-
trolled or current controlled negative resistance by a difference in con-
nections is possessed by some arrangements and is advantageous for
general usefulness. Qualitatively, it may be stated that with a voltage
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controlled device, a low negative resistance is desirable since this in-
dicates a large change in current for a given control voltage. In the
current controlled case, a large change in voltage for a given control
current, or a high negative resistance, would appear to be desirable.

An attempt to go further into the characteristics which a negative
resistance should have leads to the consideration of the inherent self-
reactance of the devices. For most general usefulness, it is evident, of
course, that the unavoidable self-capacitance or self-inductance of a
negative resistance should be as small as possible. The capacitance or
inductance which must be considered should include the effective ca-
pacitance or inductance introduced by the time lag, if any. Itis difficult
to evaluate quantitatively the effect of the reactance without consider-
ation of the particular application of the negative resistance to be
made. Certain points, however, stand out in their generality of appli-
cation.

The reactive part of the impedance of a voltage controlled negative
resistance almost always takes the form of shunt capacitance only. If
a voltage controlled negative resistance, R,, and a shunt capacitance,
C,, are considered, the ratio of the reactance to the resistance at an
angular frequency, w, is wC,R,. In most applications, it is found that
wC,R, is a factor of poorness. Its reciprocal 1/wC,R,, therefore, is a
figure of merit. In these applications two identical voltage controlled
devices in parallel are no better than one except as regards the power
available.

In the current controlled case, the reactance present may be con-
sidered in the form of inductance, L., in series with the negative resis-
tance, R., with an additional complicating capacitance shunting the
whole in some cases. If the latter is forgotten for the moment, analo-
gous reasoning to that used in the voltage controlled case leads to
a poorness factor, wl../R,, the ratio of reactance to resistance. A
figure of merit, therefore, would be R./wL,.. The capitance shunting
the whole, as already indicated, may result in relaxation oscillations if
high external resistance is present, and should, therefore, be very low.
Preferably «CR. should be less than unity at the highest frequency at
which negative resistance occurs. Particular cases may be quantita-
tively analyzed as regards this capacitance.*

Analysis shows that the addition of series positive resistance to a
voltage controlled negative resistance, although it lowers the negative
resistance,” lowers the figure of merit, 1/wC,R,. It is easily shown that
reducing the negative resistance, R,, by this means to a value R,/m
increases the effective capacitance of the combination o m2C,. Analo-

* For example, see the later section on direct coupled negative resistances.
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gously in the current controlled case, shunt positive resistance raises
the negative resistance but lowers the figure of merit, Re/wlLe. In this
case, raising the negative resistance to mR. raises the effective indue-
tance of the combination to m*L..

CLASSIFICATION OF NEGATIVE RESISTANCE DEVICES

All methods of producing negative resistance may be placed into
one of three classes according to the principle of operation. The first
class includes the simple negative resistances or those in which the
clement exhikiting negative resistance also controls the internal phe-
nomenon making the negative slope possible. The dynatron® is a well-
known example. The voltage on the dynode controls its secondary
emission and hence its current. The second class may be called the
direct coupled negative resistance group since it comprises those de-
vices in which the element controlling the internal phenomenon must
be directly connected to the circuit or to the controlled element before
negative resistance is possible. An example is the negatron of Scott-
Taggart® in which a rising control element potential causes a decreas-
ing current to an anode. If the two are directly connected, negative
resistance is obtained. The third class will here be called the reverse
phase coupled negative resistance group since in it are found those de-
vices in which the controlling element is again separate from the con-
trolled element but must be coupled to it through a phase reversing
means before negative resistance is obtained. The conventional vacuum
tube with a ticker coil feed-back is an example.

Although the simple negative resistances are usually either current
controlled or voltage controlled but not both, the devices in both of
the coupled negative resistance groups may be used in either a current
controlled or a voltage controlled arrangment depending on the way
in which the control element is connected. This will be clarified by the
detailed treatment of a subdivision of the direct coupled group to
follow.

Simple Negative Resistance Devices
Anmong the many devices which are properly included under this
heading, a few which are of some interest because of their value in
communications will be listed.
1. Arc or Glow Discharge,'® Current Controlled*

A rising current in an arc or glow discharge causes such an increase
in ionization that a smaller potential is required to maintain the dis-
charge.,%Devices of this kind are not reliable because of changes in the

* Also voltage controlled under special conditions, Cf. Penning.!t
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electrodes and in the gas pressure. Pecause of the slow ion mobility,
sufficient time lag is présent to prevent successful high-frequency op-
eration. The convenience and simplicity of the cold-cathode glow dis-
charge has encouraged its use in low-frequency relaxation-oscillation
circuits.

2. Dynatron,® Voltage Controlled

A rising voltage on an electrode in a high vacuum electron tube
causes such an increase in secondary emission that the current to the
electrode falls. A collector electrode for the secondary electrons placed
at a high fixed potential is necessary. The dynatron suffers as a class
from great variability of secondary emission sensitivity encountered
with present-day exhaust technic.’? Although low values of negative
resistance are obtained only with high currents and voltages, the con-
venience of the dynatron has been an advantage in a wide variety of ap-
plications.'

3. Fueld Decay Type,'**s Current Controlled

This is a less well-known method of utilizing secondary emission to
obtain negative resistance, in which a resistor connected between grid
and plate of a triode allows the grid voltage to rise so high with the
onset of secondary emission that the total voltage from plate to cath-
ode necessary to maintain a current decreases as the current rises. It
is believed that this device is inferior to the dynatron in reliability but
it is of interest because it is current controlled.

4. Space-Charge-Grid Type, 1718 Voltage Controlled

A rising potential on a space-charge grid causes an incredased anode
current so that if the cathode current is sufficiently limited, the space-
charge-grid current drops. The limited emission necessary has been
obtained in the past primarily by reduction of filament temperature,!?:8
leading to unreliable and unsatisfactory operation. The method has
been used experimentally.

5. Positwe Ion Type, Voltage Controlled

In a triode containing gas at low pressure, an increasing grid volt-
age increases the plate current and hence the positive ion current to
the negative grid, thereby achieving negative resistance in the grid

circuit.’* This method is unreliable, has considerable time lag, and
produces only very high values of negative res1stance but has been
used to some advantage in direct-current amplifiers and in electrome-
ter applications.
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6. Split-Anode Magnetron,?® Voltage Controlled

If in a cylindrical magnetron the anode is divided diametrically
into two parts, and a suitable magnetic field is applied, a difference of
potential between the two anode segments causes a decreased current to
the more positive element and an increased current to the less positive.
The tube, therefore, exhibits negative resistance. Although the method
is reliable, it is somewhat inconvenient to use because of the magnetic
field required. It has found chief application in high-frequency work
where the very low internal capacitance is advantageous.

7. Ionic Transit-Time Devices.

A time lag by electrons or positive ions comparable to the period
of the impressed frequency is sufficient to cause an ionic device which
exhibits positive resistance at low frequencies to appear as a negative -
resistance in certain high-frequency bands.??2% Too little is known

‘about this phenomenon to draw definite conclusions as to its utility

as compared with other means.

Direct-Coupled Negative-Resistance Devices

The most interesting devices in this group are those vacuum tube
arrangements in which a rising potential on one element causes a de-
creasing current to another element. Since the observed operation of
all tubes of this kind is similar, although perhaps the internal causes
are different, it is well to examine the general aspects of the production
of negative resistance by this means before listing some of the suitable
devices. To fall in this group, a vacuum tube should have negative
transconductance between two of its elements. The essential elements
are a control element and an output anode electrode, any other elec-
trodes present, although necessary to operation, playing little or no
part in the external circuit operation. The tube may then be considered
as a triode with negative transconductance; the amplification factor
may be positive or negative depending on whether the anode resistance
is negative or positive. In Fig. 4(a) is shown a modified triode symbol
suitable for use with a negative transconductance tube. A typical
transfer characteristic of such a tube is shown in Fig. 4(b). The equiva-
lent circuit is, of course, the same as that of the usual triode and is
shown in Fig. 4(c), where s, denotes the normal control element to
anode transconductance and s, denotes the inverse, or anode to con-
trol element, transconductance. Although in the following analysis
first order effects only are considered, if sn, S, 74, and r, are considered
not as ¢onstants but as functions of the amplitude, the conclusions are
equally valid. Ordinarily, in the most useful cases, the control electrode
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is biased negatively and, thus, draws no current. The inverse trans-
conductance, s,, is then zero. For the sake of generality, however, it

has been included in the analysis.

o \J
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(@) SIMPLIFIED (b) TYPICAL TRANSFER
SYMBOL CHARACTERISTIC
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(C) SIMPLIFIED EQUIVALENT CIRCUIT

Fig. 4—Negative transconductance tube.

The connections which may be made to a negative transconduc-
tance tube to obtain voltage controlled negative resistance are shown
in Figs. 5(a) and 5(b). In the former circuit, a suitable biasing battery

Y
N

=il
()

Q l TgTp
Bm+sn)e

T3K+Cpk T"g+Tp

(¢) EQUIVALENT CIRCUIT OF VOLTAGE ~-CONTROLLED CASE

Fig. 5—Production of voltage controlled negative resistance.

is connected directly between anode and control element. A rise in
anode potential then causes an equal rise in control element potential,
so that, if the tube parameters are of suitable value the total current
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falls. An equivalent and more useful circuit for alternating-current
phenomena is shown in the second circuit in which the control element
and anode are connected through a large condenser and the control
element bias is applied through a high resistance. The equivalent cir-
cuit of the first arrangement and of the second for a very large capaci-
tance and very high control element external resistance is shown in
Fig. 5(c). Inspection indicates that the arrangement is equivalent to

a resistance
1

R, =
1 1
Sm+8n+'_+——'

Ty Tp
shunted by a capacitance
Co = Cpr + Cp.

| 1\ \é—}
Lt Lt

(o)

A
LNETER

L R ‘ T IS:;; T'pRe‘ eT J—
ToR, < eqt o2 | '
SO TN i I8

() EQUIVALENT CIRCUIT OF CURRENT-CONTROLLED CASE

Fig. 6—Production of current controlled negative resistance;

If r, and r, are positive, s,+s, must be negative and greater in mag-
nitude than 1/r,-+1/r, for the resistance to be negative. It is, there-
fore, desirable that r,, r,, and s. be high. It will be noted that the
circuit, in common with other voltage controlled negative resistances,
may be considered primarily as a capacitance and a resistance in par-
allel. :
Two circuits suitable for the production of a current controlled
negative resistance are shown in Figs. 6(a) and 6(b). In these circuits
the control element potential is negatively proportional to the current
in the circuit. A rise in current causes a decrease in control element
potential go that, if the tube parameters are again suitable, the anode
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current rises and the anode voltage drops. Thus, the rising current is
accompanied by a falling voltage, and a current controlled negative
resistance results. An analysis of the equivalent circuit of the tube and
connections shown in Fig. 6(c) indicates that the circuit comprises a
resistance in series with an effective inductance (a result of the effect
of C',x and C,x on the operation) with the whole shunted by a capaci-
tance, C,,. The actual impedance at the terminals, neglecting C,,, is

7 _ Zo+ Zp+ ZoyZp(Sm + s2)

1 — SwSpZoZ,
where,
1 1 1 ]
Z—g = T—g + R + joCl
I
s i

The significance of these expressions is perhaps best understood by
the simplification occurring when the frequency is low enough so that
the phase angle of Z, and Z, is very small, r,>>R,, 7,>R,, and the
inverse transconductance is neglected. In this case the arrangement
appears as a resistance

R —RR<1 -+ L
e = 1-2"}3_' "_‘"}‘Sm)

1 2

In series with an inductance
Lc = - [CgkR12(SmR2 + 1) + Cka22(SmR1 + 1)],

the whole shunted by the capacitance C,,. Again, it may be seen that
a high value for s,, is desirable.

As already mentioned, the presence of C,, offers the possibility of
oscillation when the external circuit has a very high resistance. The
condition for oscillation is easily derived by application of Kirchoff’s
laws to the circuit of Fig. 6. It is convenient to consider R, as the
combined resistance of the internal and external control-element re-
sistances in parallel and to consider R, as including the anode resis-
tance. If this is so, the total current entering the lower wire of Fig. 6
(the direction of the currents is denoted by the arrows) is

1 1 il
€y <—}?1 + ]wC(/k + 3m> — €p <E2 +jwcpk + Sn) = 0.
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The total current leaving the point A in Fig. 6 is

) 1
€g (E + jwcgk> — Sn€p +jwcap(ea + ep) =0
1

which may be written
r . . :
€9 "R— + joCo + chgp> + ¢,(joCyp — 5a) = 0.
1
The only solutions for these two equations are e,=e,=0, or

1 1 '
(E + jwcgk + Sm> - (E:“i‘]wcpk’,—*_jsn)
1' =0,
<E + joCor + jwcap> (joCop — 8n)

1

The second, of course, gives the self-oscillatory condition. Equating
the imaginary and the real parts of the determinant to zero gives

C _ Cgle + CkaZ _ Cgle.l + Cpkl_zz
" R+ B2+ (Sm + Sn)R1R2 R.
1 SmSn

2 — =

- R1R2C(Cgkcgp + Cz;kcap + Cakcpk) (Cakcap + Cpkcop + Cakcpk) )

For oscillation not to exist with an open circuit at the terminals of the
current-controlled negative-resistance circuit, €', must be less than
the value given above. This indicates clearly that for a tube to be
capable of producing a high negative resistance of tite current controlled
type, Cg4p, must be much smaller than the. other capacitances of the
tube.

The results of all the considerations indicate that a good negative
transconductance tube should have high transconductance, high anode
resistance, high control element resistance, and low capacitances, in
particular the control element to anode capacitance, if current, con-
trolled negative resistance is to be used.

1. The Negatron?®

In this tube the current from a filamentary cathode is diverted
from one to another of the two anodes on opposite sides of the filament
by the potential applied to a grid interposed between the filament and
one of the anodes. A rising grid potential reduces the current to the
opposite anode, provided the filament is operated at a low enough

" temperature to be emission saturated. The latter requirement makes
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the negatron unreliable and inconvenient. In addition, only low trans-
conductance is achieved.

2. Retarding Field Tubes

In a tube with a cathode surrounded by a positive grid which in
turn is followed by a low potential element or group of elements, a rise
in potential of the latter causes a decrease in the current to the grid
surrounding the cathode. In the case of a triode with highly positive
grid and zero or low potential plate,? the resulting negative transcon-
ductance is not very useful because of the power consumed in the
plate control element. A much improved arrangement is found in the
ordinary space-charge-grid tube in which a negatively biased second
grid and positively biased anode are substituted for the positive plate
of the triode. Schottky pointed out'® that in such a tube a rising sec-
ond grid potential reduced the inner grid current and that the negative
transconductance may be quite high. However, the resistance of the
first grid, (the anode of the negative transconductance) is ordinarily
much too low unless the cathode temperature is reduced. This, however,
leads to lack of reliability. In the Libliography?—2%° there will be found
a few of the applications of the tetrode as a negative transconductance
type of negative resistance. A great improvement is obtained in elimi-
nating the necessity for reduced filament temperature by the addi-
tion of one or more grids between the cathode and the output elec-
trode.?* "% In a later section, the use of the 57 tube in this fashion
will be found discussed in some detail.

3. Secondary Emission Type

In a tetrode used as a dynatron in the region in which the dynode
current is negative, the first grid-to-dynode transconductance is nega-
tive. In this case the anode resistance of the tube is negative whereas
in both of the previous types it is positive, in general. The negative
transconductance is not ordinarily great unless the secondary emissiv-
ity is high, but the effect has been used to augment the dynode negative
resistance in a voltage controlled circuit by coupling the first grid to
the dynode.”:3% The method of achieving negative transconductance
in this case has similar disadvantages to other devices making use of
secondary emission.

4, Electron Transit-Time Methods

When electron transit time is considered, it is found that in certain
ultra-high-frequency bands the tube characteristic becomes inverted.®
Operation in such a band is equivalent to a reversal in sign of the trans-
conductance (also a reduction in its magnitude) and an ordinary posi-
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tive transconductance tube used in such a band may produce negative
resistance by direct coupling of output to input. Too little is known
of these effects to permit further discussion. ‘

5. Magnetically Controlled Electron Tubes

The magnetron (not the split-anode type) may be used in direct
coupled circuits to achieve negative resistance of either the current or
the voltage controlled type.* The self-inductance as well as the in-
convenience of the field winding makes this means of getting negative
resistance a poor one.

Reverse Phase Coupled Devices

In this group are included the well-known arrangements by which
negative resistance is obtained from an amplifying system by coupling
of output to input through a phase-reversing circuit or system. Most
of this group is too well-known to require even a brief discussion but
for illustration two of the most important classes are listed.

1. Conventional Vacuum Tube With Feedback

2 Kallirotron and Multistage Vacuum Tube Amplifier

In order to obtain negative resistance, the output is coupled to the
input. The reversal of phase is accomplished either by the coupling
means or by one of the tubes in the amplifier.

A FEW APPLICATIONS OF NEGATIVE RESISTANCE AND
NEGATIVE TRANSCONDUCTANCE

A negative resistance may be connected with other circuit elements
for the excitation of oscillations. Such circuits have the advantage of
simplicity and good frequency stability. A voltage controlled negative
resistance may be used in parallel with an antiresonant circuit to pro-
duce oscillation at a frequency near resonance and a current controlled
device may be used with a series resonant circuit for the same purpose.
Relaxation oscillations® are possible with any negative resistance pro-
vided the external circuit is suitable but comparatively little is to be
found in the literature using voltage controlled devices for this purpose
although there are frequent descriptions using the glow discharge and
other current controlled arrangements.

As a circuit element in the stable as contrasted with the oscillatory
state, a negative resistance has many uses. The neutralization of posi-
tive resistance is quite feasible theoretically,®* but can only be ac-
complished to a limited extent experimentally because of instability.
A class of circuits utilizing negative resistance is that including the
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tic to be expected with two different operating conditions in a voltage
controlled circuit using a large condenser to couple the second an
third grids. '
The voltage controlled negative resistance obtained under the oper-
ating conditions tabulated above is 3500 ohms, and the total cathode
current is only seven milliamperes. This indicates performance superior
to that of most dynatrons which at this value of cathode current have
a negative resistance seldom less than 10,000 ohms. The combined
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Fig. 7—Average RCA-57 used as negative transconductance tube.

capacitance to cathode of the two grids of the 57 is roughly the same
as that of the plate to cathode in a 24 tube used as dynatron. The
additional capacitance of an external coupling condenser and grid leak
to ground may be made small, when necessary, so as to increase the
total capacitance but slightly. Variation of first grid bias of the 57 is
found to be a simple means of changing the negative resistance over
as wide a range as may be desired. It is found also that variation in
characteristics from tube to tube at fixed operating potentials is no
greater than occurs with the normal characteristics of the 57. In addi-
tion, individual tubes are found to maintain very constant character-
istics. Relatively low values of negative resistance may be obtained
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with extremely low operating potentials and currents, an advantage
not shared by many other devices. ) ' :

~ Fig. 8 shows the 57 as a voltage controlled, negative resistance
oscillator in conjunction with a tuned circuit. A relaxation oscillation
circuit using the 57 in a current controlled circuit is shown in Fig. 8(b).
It is interesting to note that a circuit similar to the latter but using a
tetrode was suggested by van der Pol® and investigated with a 22 tube
by Page and Curtis® who suggested that the: chief limitations and
drawbacks of the circuit would be overcome by a tube with three grids
used in the manner of Fig. 8(b). The condition for the start of oscilla-

A5
L

(@) VOLTAGE -CONTROLLED
OSCILLATOR CIRCUIT

ﬁ iz
R I

(b) CURRENT-CONTROLLED RELAXATION-OSCILLATOR CIRCUIT
Fig. 8—Oscillator circuits using a 57 tube as negative resistance.

—

tion as well as the frequency for infinitesimal oscillation amplitudes in
a circuit of this kind has been derived above in the discussion of nega-'
tive transconductance tubes in current controlled, negative resistance
circuits. It should be pointed out that the oscillations in a circuit of
this kind are approximately sinusoidal if operation at small amplitudes
can be maintained, such as is possible by operation at the point of
peak negative transconductance, (021,/0E 2=0), and by adjustment
to the critical condition for the start of oscillation.
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networks which resemble negative capacitance or negative inductance
or combinations of them.37-38.39.40 Very little experimental work has
been done with the networks possible although the circuits offer very
attractive features. The realization of impedances which vary as the
nth power of the applied frequency (where n is any positive or nega-
tive integer) is possible theoretically. A recently disclosed application
of negative resistance to tuning is of some interest.*

For measurement work at both low and high frequencies, negative
resistance arrangements have been found quite useful. The start of
oscillation, which implies zero circuit resistance, may be easily and ac-
curately detected so that if the value of the negative resistance is
known at this point the external circuit resistance is known.#-% Nega-
tive resistances associated with calibrated circuits in an oscillating
state have frequently been used as heterodyne-frequency meters as
well as signal generators. The simplicity and constancy of frequency
of the circuits make them advantageous.® 47

In addition to the above applications, some arrangements, particu-
larly the negative transconductance tubes, have other uses than as a
negative resistance. For example, a negative transconductance tube
may be used as an amplifier in exactly the same way as the usual posi-
tive transconductance tube. The input impedance of a negative trans-
conductance tube resulting from feed-back through the grid-plate
capacitance is quite different from that of a positive transconductance
tube giving equivalent amplification. In the usual case a resistive anode
load gives rise to a higher equivalent input capacitance, whereas with
a negative transconductance tube, the equivalent input capacitance is
reduced by feed-back. A reversal of sign of the equivalent input con-
ductance is also found in the negative transconductance tube as com-
pared with the positive, when reactive anode loads are used. Another
amplifier application possible with negative transconductance tubes of
certain kinds is one in which the output is taken from two anodes in
opposition fashion, a common control element having positive trans-
conductance to one anode and negative transconductance to the other.
The retarding-field type is an example; references 27, 31, 48-54 de-
scribe the application. Such a circuit, if both positive and negative
transconductance parts have similar characteristics, permits the grid-
plate capacitance feed-back to be eliminated. The negative transcon-
ductance tube is, of course, suitable as a modulator or detector when
operated over nonlinear portions. A large number of circuit arrange-
ments using regeneration with simple resistances are also possible
with negative transconductance tubes, and especially so with the re-
tarding-field tubes,3!:5:.55
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Tag USE OF A 57 As A RETARDING FIELD NEGATIVE
TRANSCONDUCTANCE TUBE

In investigating a number of commercially available tubes for their
possibilities as negative resistance devices, it was found that one of
the most useful and promising arrangements was a negative transcon-
ductance one using a regular 57 tube with a negatively biased third
grid (suppressor) to control the current to the second grid (screen).
The transconductance between the third grid (control element) and
the second grid (output anode) is negative, as would be expected. The
control element, being negatively biased, draws no current and the
sereen or output grid has an advantageously high resistance because
of the limiting action of the first grid on the cathode current. The first
grid functions primarily in the indicated limiting action; however, it
serves an additional useful purpose in that, by variation of its poten-
tial, the negative transconductance of the tube may be varied. The
plate electrode plays no part in the circuit but must be connected to
a positive potential in order to collect the electrons which pass the
third grid. ,

A set of operating voltages for a typical 57, which does not exceed

safe limits, together with the usual parameters for the tube considered

as a negative-transconductance device is as follows:

Heater voltage = 2.5 volts Heater current =1.0 amp.
First grid voltage = 0 volts \
Second grid voltage =+ 100 volts Second grid current = 3.7 milliamp.
Third grid voltage =— 10 volts
Plate voltage = +422.5 volts Plate current”  =3.3 milliamp.

al.,

— 2 = §p,., = — 310 X 10~° mhos

k.,

1

—— = r,, = 40,000 ohms

al.,

L.,

Smg—gTge = Mg-2 = 12.4

Copgy = 3.1 ppf Cooe = 5.0 ppf Coomre = 5.7 puf

The characteristics of a 57 used in this fashion are shown by the
screen-voltage vs. .screen-current characteristics with various third
grid voltages. Such a set of characteristics is shown for a typical 57 in
Fig. 7. The dotted curves indicate the negative resistance characteris-
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tic to be expected with two different operating conditions in a voltage
controlled circuit using a large condenser to couple the second an
third grids. '
The voltage controlled negative resistance obtained under the oper-
ating conditions tabulated above is 3500 ohms, and the total cathode
current is only seven milliamperes. This indicates performance superior
to that of most dynatrons which at this value of cathode current have
a negative resistance seldom less than 10,000 ohms. The combined
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Fig. 7—Average RCA~57 used as negative transconductance tube.

capacitance to cathode of the two grids of the 57 is roughly the same
as that of the plate to cathode in 5 24 tube used as a dynatron. The
additional capacitance of an external coupling condenser and grid leak
to ground may be made small, when necessary, so as to increase the
total capacitance but slightly. Variation of first grid bias of the 57 is
found to be a simple means of changing the negative resistance over
as wide a range as may be desired. Tt is found also that variation in
characteristics from tube to tube at fixed operating potentials is no
greater than occurs with the normay characteristics of the 57. In addi-
tion, individual tubes are found to maintain very constant character-
~ istics. Relatively low values of negative resistance may be obtained
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with extremely low operating potentials and currents, an advantage
not shared by many other devices.

Fig. 8 shows the 57 as a voltage controlled, negative resistance
oscillator in conjunction with a tuned circuit. A relaxation oscillation
circuit using the 57 in a current controlled circuit is shown in Fig. 8(b).
It is interesting to note that a circuit similar to the latter but using a
tetrode was suggested by van der Pol® and investigated with a 22 tube
by Page and Curtis?® who suggested that the' chief limitations and
drawbacks of the circuit would be overcome by a tube with three grids
used in the manner of Fig. 8(b). The condition for the start of oscilla-
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(b) CURRENT-CONTROLLED RELAXATION-OSCILLATOR CIRCUIT
Fig. 8—Oscillator circuits using a 57 tube as negative resistance.
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tion as well as the frequency for infinitesimal oscillation amplitudes in
a circuit of this kind has been derived above in the discussion of nega-
tive transconductance tubes in current controlled, negative resistance
circuits. 1t should be pointed out that the oscillations in 2 circuit of
this kind are approximately sinusoidal if operation at small amplitudes
can be maintained, such as is possible by operation at the point of
peak negative transconductance, (821,/0E 2=0), and by adjustment
to the critical condition for the start of oscillation.
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COMPARATIVE ANALYSIS OF WATER-COOLED TUBES
AS CLASS B AUDIO AMPLIFIERS*

By

1. E. MouroMTsEFF AND H. N. KozaNOWSKI
(Westinghouse Electric and Manufacturing Company, East Pittsburgh, Pennsylvania)

Summary—Performance of vacuum tubes used as class B audio amplifiers
has been studied with particular siress on the influence of the amplification factor,
u, on the behavior of tubes. Four types of water-cooled tubes of completely identical
design differing only in u have been studied. The influences of the load reststance,
operating plate voltage, and no-signal current, or bias, have been graphically pre-
calculated and compared. The limitations of water-cooling on this class of tube
operation are clearly demonstrated. The methods used for this particular study are
applicable to a variety of similar problems.

HE purpose of this investigation is the analysis from tube char-
acteristic charts of the performance of vacuum tubes used as
class B audio amplifiers. Particular attention is given to the in-

fluence of the amplification factor, u, on the behavior of various tubes.

Such an investigation becomes more interesting at the present time
when high efficiency plate modulators have established their place in
radio practice.! These modulators are merely last-stage audio amplifi-
ers supplying power at audio frequencies to the plate circuit of the
radio-frequency output stage of a radio transmitter.

Three types of standard water-cooled tubes, the UV-863, UV-207,
UV-848, and a special type WL-419A made for this purpose by the
Westinghouse Lamp Company were subjected to this study. The rea-
son for this choice of tubes is that all four types have identical struc-
ture in every respect, except for the number of turns of grid winding,

making the amplification factor different with each type of tube;
namely,

with UV-863 w =50
Uv-207 20
UV-848 8
WL-419A 3.6

Thus the chosen tubes cover the entire range of all feasible voltage fac-
tors usually encountered in high power transmitting tube practice.

* Decimal classification: R330 X R355.7. Original manuscript received by
the Institute, April 12, 1934; revised manuseript received by thepInstitute, De-
cember 10, 1934. Presented before Ninth Annual Convention, Philadelphia, Pa.,
May 28, 1934. -

! J. A. Hutcheson, “Application of transf ors,” P
L.R.E., vol. 21, pp. 944-958; July, (1933). SO CORTIC [autlulion, © K106,

1224




R

Mouromiseff and Kozanowski: Water-Cooled Tubes 1225

Toe PrRoBLEM OUTLINED

The postulated general problem directly implies the following ques-
tions: Which of the four types of tubes gives the least distortion for a
given output? Or, conversely, which tube gives the greatest output
without exceeding a prescribed distortion limit?

In connection with the outlined problem it was necessary to de-
velop certain graphical methods which facilitate the systematic inves-
tigation of tube performance directly from conventional charts of tube
characteristics. These methods can usefully be applied to any similar
study.

'3 PA:E i _g."’ & \ i
<

l PLATE CHARACTERISTICS O A UV-863 TUBE
VO Dt o ~ '

I | P W
bt ©
Fig. 1
Dy~Namic CHARACTERISTICS

The first step in this and similar work is the preparation of com-
plete charts of plate characteristics for the tubes to be investigated, if
such charts are not already available. In plotting the charts of Figs. 1
to 4, the usual static method was used to record the curves in the nega-
tive grid-voltage region; for positive grid potentials the oscillographic
method was used.? It must be noted that the static characteristics
shown in these charts belong to individual tubes available at the time
of this study. Therefore, the absolute quantitative results may depart
somewhat from true average figures. Yet, this fact can hardly. affect
the general picture of the comparative properties of the investigated
tube types.

2 H. N. Kozanowski and 1. E. Mouromtseff, “Vacuum tube characteristics
in the positive grid region by an oscillographic method,” Proc. I.R.E., vol. 21,

pp- 1082-1097; August, (1933).
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A systemétic study of tubes can be achieved by comparison of the
results obtained for each tube under identical operating conditions.
According to definition, a class B audio amplifier is operated at, or
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nearly at, the cutoff bias for the assumed plate voltage, so that only
e small residual or no-signal plate current flows when no excitation is
applied to the grid. The alternating output current flows during essen-
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Ljally one half of the cycle, when the grid excitation voltage swings
- Hwards its positive values. The magnitude of the output plate current
- epends on the value of the output or load resistance connected be-

ween plate and filament of the tube. Thus operating conditions are
illy determined by: .

(1) Operating plate voltage, I,

(2) Load resistance, R

(3) No-signal current, I,, determined by the grid bias, e..

The influence of these three factors can be studied separately. By
orrelating the results of such procedure a final conclusion regarding
n optimum value of u can be drawn.

T ¢ I
¢ F’/ 8/ Q — ! I S S
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For operating voltages two values are chosen: 13,500 volts, which
s considered the highest practicable voltage for this class of operation,

~ind 10,000 volts, which is the voltage quite commonly used in practice

»n water-cooled tubes of the types under investigation.
The no-signal current, I,, was chosen in accordance with existing

' bractice. It is 100 milliamperes with 10,000 volts, and 125 milliamperes

‘with 13,500 volts on the plate, common to all tubes.

The choice of load characteristics was governed by the assumed

‘maximum plate dissipation, P . Two factors allow for a rapid plotting

of load characteristics for any chosen value of Pj.

(1) In the plate current-voltage charts the load characteristics for

“audio output are straight lines conventionally plotted through the

p——
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chosen operating point (E,, I,). This is because the load in the case of
a modulator can be considered as a pure ohmic resistance.

(2) The largest anode dissipation in the investigated mode of opera-
tion with any load resistance invariably corresponds to fifty per cent ‘
efficiency. This, neglecting distortion, always occurs for a plate voltage ]
swing of (2/m)E,, leaving the voltage across the tube, E.ia equal to I
0.364 E,. The current ordinate, I, for this condition will be found from I

the expression |
Pr=P,=1/4 X 0.636E,] (1) :

which states the condition of equality of output power and plate loss.
By these two points the load line is completely defined for any as-
sumed value of Pj. ’

Using this procedure, three load characteristics for each operating
plate voltage are plotted in the chart of each tube under the assump-
tion of 10, 8, and 6 kilowatts dissipation, respectively. The largest
value, 10 kilowatts, is the one conventionally accepted as the maximum
dissipation allowable for standard water-cooled tubes. The other two
have been chosen in the anticipation that better performance can be
secured with less steep dynamic characteristics, or in other words, with
higher values of load resistance, R, given by the inverted slope of the
dynamic characteristic. The actual values chosen are shown in Table I.

TABLE 1
Ep ] 10,000 volts | 13,500 volts
Ph=10 kw l Rz =1000 ohms Rz =1850 ohms
8 | 1260 2300
6 / 1680 3130

Power output, P,, and distortion § per cent, were studied along
each load line up to the highest practicable value of grid excitation.
Actually, all plotted load lines or modulation paths are terminated at,
or in the vicinity of, e,=+700 volts, beyond which the distortion |

rapidly increases to quite a prohibitive degree due to the approach to I
the diode line. !

TRANSCONDUCTANCE Mobpurarion CURVES

In order to judge distortion for various grid excitations, one must
assume the grid voltage as independent variable, because, according
to definition, in an ideal class B amplifier the output current and volt-
age must be proportional to the input or grid excitation voltage. There-
fore, from each straight-line modulation path drawn in the plate charts
2 transconductance modulation characteristic having grid voltage as
independent variable is plotted point by point. Such curves are shown
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in Figs. 5 and 6 for the UV-863 and WL-419A tubes as typical exam-
ples, having, respectively, the highest and lowest values of u. In each
drawing three curves are given in accordance with the three chosen
plate dissipations of 6, 8, and 10 kilowatts.

For graphical analysis of tube performance with any grid excita-
tion, e, =c,__+e., the extreme end of the utilized portion of the oper-
ating characteristic is connected by a straight line with the operating
point or zero-signal end as shown in Tig. 5. Then the ordinate differ-
ences between the characteristic curve and the spanning chord are de-
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termined for intermediate grid voltages equal to 0.309, 0.5, 0.707,
0.809, and 0.866 of the assumed grid voltage amplitude, e,. From these
data the amplitude of the 3rd, 5th, 7th, 9th, and 11th harmonies, and
the true amplitude of the fundamental frequency can be calculated in
the manner outlined in an article on ordinate-difference harmonic anal-
ysis.®

The procedure is repeated for four or five points along each char-
acteristic, corresponding to four or five different grid excitations. This
allows the plotting and determination of smooth curves showing the

3 [. E. Mouromtseff and H. N. Kozanowski, “‘Short-cut’ method for calcula-
tion of harmonic distortion in wave modulation,” Proc. LR.E., vol. 22, pp.
1090-1102; September, (1934). )
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variation of distortion along the entire modulation path as function of
the grid excitation or depth of modulation. Power output for each point
can also be calculated easily. Then, it remains a matter of the designer’s
choice to select for actual operation as large a portion of a particular
modulation characteristic as he deems suitable. The power output and
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distortion curves are plotted in both transconductance charts, to-
gether with the instantaneous value of the grid current along any
path. The following table was compiled from the calculated curves of
distortion, giving percentages of distortion for all three load resistances
or maximum plate dissipations at two operating plate voltages.

TABLE II
DISTORTION WITH CONVENTIONAL (NOT OPTIMUM) BIss

]30 =10 1(¥V
) Ep =10,000 volts Ep=13,500 volts
Tube 100 % Modulation 75% Modulatio 75 to 1009, Modulation
Type » Pp=6 8 10 kw 6 8 18 kw 60 %8 10 kw
UVv-863 50 7.2 8.3 9.8 7.8 9.2 11.3 8.0 10.5 11.2
gv-207 20 6.0 7.8 9.0 8.8 8.5 9.4 5:0 7.6 1 8.2
UV-848 8 9.3 10.8 10.8 10.4 11.4 12.2 5.7 7.0 9.6
WL419A| 3.6 | 12.5 12.4 16.0 12.5 14.8 16.0 11.0 13.07 . 14.0

Per cent Distortion
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RESULTS oF GRAPHICAL INVESTIGATION OF CONVENTIONAL
OPERATING CONDITIONS

A direct inspection of Figs. 5 and 6 and of similar curves for all
operating conditions and of the above table reveals that:

(1) For a given grid excitation the power output, P,, for each tube
varies but little for each of the confluent load lines passing through the
same operating point. The departure is generally greater with 13,500
volts on the plate than with 10,000 volts.

(2) The six-kilowatt line, the lowest of a confluent set, gives some-
what greater output than the eight- or ten-kilowatt lines for the same
grid excitation with tubes having high (UV-863). This is explained
by the fact that for maximum output the angle between the load line
HA, as shown in Fig. 1, and the static curve e, = constant, on which
the load line is terminated, must be such that a horizontal line through
its vertex bisects this angle. This gives a={ in the figure. Hence, with
the steeper static characteristics of low-u tubes the dynamic load line
giving a maximum output for a definite maximum grid voltage must
have a greater slope than with high-u tubes. Thus, with the UV-863
tube and a maximum grid voltage of, say, 700 volts, the maximum
output happens to be in the vicinity of the six-kilowatt load line. With
low-u tubes, such as the UV-848, the maximum output for any grid
voltage corresponds to a much steeper dynamic characteristic and a
larger output power than along the six-kilowatt line. In fact, such a
characteristic is so steep that it cannot be utilized because of too great
an associated plate dissipation. The statement regarding the optimum
position of a dynamic load line can easily be proved analytically; this
is done in an addendum. .

(3) Distortion throughout is lower for low dissipation lines with all
tubes for both operating voltages. :

(4) In order to secure reasonably high output from the investigated
tubes under the specified operating conditions one has to:tolerate dis-
tortions from about six to sixteen per cent. Assuming that the highest
permissible distortion for a transmitter can be only ten per cent* the
calculated distortion seems to be too high for practical use under con-
ventional conditions. Yet, in combination with preceding stages of
amplification it is feasible to secure more favorable over-all results as
the distortions introduced in the various stages may be partly cancelled
out.

(5) For each individual transconductance modulation curve, con-
cave or convex in form, and lying entirely on one side of the spanning
chord, the distortion increases with grid swing. With more or less sym-
metrical S-shaped curves, the maximum distortion is located near the
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point where the chord is tangent to the upper bend of the curve. In
the vicinity of the diode line the distortion rises abruptly due to the
crowding of the static curves.

(6) With 10,000 volts on the plate distortion along each modulation
path is, in general, smaller for tubes with higher x (UV-863 and UV-
207). At 13,500 volts, tubes having both extremly high u (UV-863)
and extremely low u (WL-419A) produce greater distortion than tubes
of medium u such as the UV-207 and UV-848. In addition, one may

DISTORTION- & %

3RD HARMONIC

4[— Uv-848
~2TH
T

D.C OPERATING
PLATE VOLTAGE

0 Z 4 THe e 10 Kv.
DEPTH OF MODUL ATION, Epun® Ep -E,

Fig. 7—Distribution of harmonic components.
E,=10,000 volts
R; =1680 ohms
I,=0.100 ampere

note that the fidelity of the high- and low-u tubes decreases more
rapidly with increasing slope of the load line than with the UV-207
tube having a u of medium value. .

The values of distortion plotted in Figs. 5 and 6 and given in the
preceding table represent the arithmetical sum* of the odd harmonics
up to the 11th order. Even harmonics are absent because of the sym-
metry of the push-pull arrangement. The percentage of each individual
component is calculated as the ratio of its amplitude to the true ampli-
tude of the fundamental frequency. The distribution of harmonic com-
ponents of the distortion along the six-kilowatt modulation path with
a no-signal current of 100 milliamperes for three standard tubes is

* Federal Radio Commission, “Rules and Regulations,” Sec. 103 and 139.
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shown graphically in Fig. 7. It will be noted that with high modula-
tion, when the tube swings well into the upper portion of an S-shaped
transconductance curve, the 5th harmonic is predominant, while with
medium modulation the 3rd becomes more pronounced. The 9th and
11th components together usually contribute from zero to one fifth of
the total distortion, and, therefore, their calculation could have been
omitted entirely in the majority of the cases studied. Yet, with the
harmonic analysis method used, they serve as a very good check on the
correctness of the calculation of the other components just because
they must come out smaller than components of lower orders.

We must take notice of one important detail in connection with the
graphical method used for calculating distortion from the transconduc-
tance modulation characteristics: The chords spanning each curve are
drawn not through the actual operating point on the curve (Fig. 5)
given by its cosrdinates e, and I, but through a point on the zero current
azis directly below the operating point. By this procedure account is
taken of the concurrent effect of the “companion” tube on the other
side of the push-pull arrangement. This will be discussed in detail in a
later section. .

Rtsumt or REsuLTs UNDER CONVENTIONAL
OPERATING CONDITIONS

The data obtained from the preceding study show rather definitely
that under what one may term conventional operating conditions none
of the four types of tubes in question gives highly satisfactory results
per se in class B audio service. This is particularly true with the non-
standard WL-419A tube, having the unusually. low u of 3.6. With it
the distortion is never below eleven per cent if a reasonably high audio
output of say seven to ten kilowatts is required. In fact, under certain
conditions the distortion even goes up to sixteen per cent.

Yet, if one is to make a choice from the three standard tubes on the
basis of distortion with conventional operating conditions the UV-863
tube with a u of 50 will have preference for a low voltage of 10,000
volts, while the UV-848 having a u of 8, may have application at the
higher operating value, 13,500 volts. However, the UV-207 tube with
a medium x equal to 20 appears from the analysis to be more universal,
giving favorably comparable results with either operating voltage.

With this conclusion the investigation might have been congidered

closed. However, a study of three additional factors has been found

essential for complete knowledge of the scope of application of the in-
vestigated tubes in class B audio amplifier service. These factors are
brought to the foreground by the following quite natural questions:
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(1) What is the effect on the performance of tubes having various
values of u, of an arbitrary up-and-down shift of the operating point
in the plate current-voltage chart. In other words, what changes in
tube operation are brought about by an arbitrary change of the no-
signal current, 1,? ~

(2) What restriction is imposed by the water-cooling of the plate
on the choice of operating conditions?

(3) How do the various tubes differ in their necessary grid excita-
tions?

Before going into the discussion of these specific questions, it be-
comes necessary to outline certain details in the graphical method ap-
plied to their analysis.

FIRST TUBE

B o e e e e 7 o e g e,

FOR BOTH TURE 3]
I, %%
B.C ZERO LINE FORTUBE *

1t

SECOND TUBE

. Fig. 8—Modulation characteristic for two tubes in push-pull.

METHOD OF GRAPHICAL TREATMENT OF TRANSCONDUCTANCE
MobpuratioNn CURVES

It was previously pointed out that the chord spanning a transcon-
ductance modulation curve used in the calculation of distortion must
be plotted through the point on the zero current axis directly below
the chosen operating point and not through the operating point itself.
This procedure is justified in the following discussion:

A typical transconductance modulation curve, 4,C4,00, for a modu-
lator tube is shown in Fig. 8. An identical curve A.C,00, is inverted
- and drawn in the proper relation to the first curve; it represents the
modulation characteristic of the companion tube, both tubes working
ia push-pull. The common operating point, O, indicates a no-signal cur-
rent, I,. The direct-current zero lines, X, X, and X 2X,, for both tubes,
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and the common alternating-current zero axis XX are shown in the
drawing in their proper relation. . :

One can readily see that the negative alternating current during
the negative half cycle of grid voltage for the first tube will be added
in the output transformer to the positive current of the second tube,
and vice versa. The true output curve is then given by 4./C'OC,’Ay".
An exactly similar output curve can be obtained from the transcon-
ductance chart of a single tube by symmetrical addition of the ordi-
nates of the shaded area, 00:B:D to the positive portion 0C.A,, of the
original curve. In practice, in order to avoid replotting of the entire
modulation curve, one can imagine that the new curve OC/A, is
simply dropped by the amount /.. Then the portion /4, will coincide
with €141, while the part C1S can be obtained by symmetrical subtrac-
tion of the?direct—current ordinates of the tailed portion of the curve
from the ordinates of the original transconductance curve to the right
side of the operating point. ‘

Thus, taking into account the effect of the negative half cycle, one
must replace the original or input dynamic characteristic 0:0C14: by
the output curve SC14; passing through the point S on the direct-cur-
rent zero axis, directly below the chosen operating point. This output
curve rather than the original input characteristic must be considered
in the computing of average current, plate loss, and efficiency.

It will be noted that in the calculation of the average plate current
from the component harmonies as outlined in the “short-cut’” method?
one commits an error caused by the difference between the output and
input curves represented by the area S00, in Fig.8. However, this error
is quite insignificant with high modulation. It can affect the calcula-
tions only at low signal strengths, in which case suitable corrections
can easily be made. '

Note: )

In Figs. 5 and 6 the lower portions of the input curves, correspond-
ing to the part SC shown in Fig.8, are omitted for the sake of simplic-
ity. They are not sufficiently long in these cases to-influence the re-
sults of calculation appreciably. In further discussion, in Fig. 13 they
will be shown. '

Exact METHOD OF PLOTTING LLoAD CHARACTERISTICS IN THE
PrATE-CURRENT-VOLTAGE CHARTS
The load or dynamic characteristics drawn in the plate-current-
voltage charts of Figs. 1 to 4 are the basis for the point-by-point plot-
ting ofytransconducatance modulation curves. If the no-signal plate
current is zero, there is no doubt ag to how a dynamic characteristic
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of a class B modulator is to be plotted in the plate chart. It is a straight |
line passing through A,, the operating point, and making the vertical
axis an angle 8 such that tan 8= K ohms, as indicated in Fig. 9. Here
R is the load resistance across the plate and filament of a single tube.
The output wave or time curve of each tube is then represented, dis-
regarding distortion, by one half of a sine wave. In a practical circuit
of a push-pull arrangement, such as is shown in Fig. 10, each of the

W
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Fig. 3—UV-848 tube as class B audio amplifier. Dynamic characteristics for
various values of no-signal current.

two companion tubes alternately delivers its output power into the
same physical resistance, R ohms, located across the secondary of an
audio transformer, the primary of which is connected between the
plates of the two tubes. One may note that for modulation purposes
the transformer ratio, n, between the secondary and each half of the
primary winding must be made nearly unity if one intends to use the
same direct-current plate voltage source for both modulator and oseil-
lator. For 100 per cent modulation it depends exactly on the ratio of
the alternating voltage amplitude of the modulator tube to the direct
voltage used on the radio-frequency output stage to be modulated.

In practical operation, to avoid excessive distortion, one always
chooses the operating point so that the no-signal plate current ¢s not
zero, for example, as shown by point A4 in Fig. 9. This c(hoice, however,
makes the plotting of the actual dynamic characteristics somewhat
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E more involved, as now power is actually delivered to the load during

both half cycles in such a way that when one tube in its turn supplies
the main portion of the total output, the share of the other tube is
determined by the value of the no-signal current. This action can be
made clear by a graphical correlation of the charts of the two com-
panion tubes given in the same figure. Here the horizontal line passing
through the mutual operating point A, represents the alternating-cur-
rent axis common to both tubes. The general shape of the correspond-
ing output waves for both tubes is shown in Fig. 11. From this, it is
evident that the output wave for each tube is highly assymmetrical.
During the positive half cycle the time curve is nearly sinusoidal, while

- on the negative half cycle it is greatly flattened. The amplitude of this

Ra

L
' Ry e OUTPUT wavE

Fig. 10—Class B modulation scheme. Fig. 11—Output wave.

negative half wave depends directly on the value of no-signal current
chosen for operation.

The alternating currents of the two tubes are added in the second-
ary of the transformer in such a manner that the current flow through
the load is, at every instant, equal to the sum of the two component
currents. It is important to realize, further, that due to the complete
symmetry and close magnetic coupling between the two halves of a
push-pull arrangement, the absolute alternating values of the plate and
grid voltages for both tubes are the same at any instant. From these
statements it is clear that the common load, Ry, on the secondary side
of the transformer is at any moment divided between the tubes so that
the relation ‘

1/Ry = 1/Ry + 1/R )

is always preserved. Ry and R, are the loads reflected on tubes 1 and
2; they vary continuously during an audio cycle so that the above re-
lation is always satisfied. The particular case

R1=R2=RL/2 (3)

holds ip general only for the instant when bdth tubes are sweeping
through the operating point, A.
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With these necessary conditions in mind one can arrive at the fol-
lowing rules for plotting exact dynamic characteristics for class B
audio modulators in the plate charts.

(1) The transformer load characteristic, BAB’, referred to the second-
ary of the transformer is a straight line passing through the operating
point A4, and making an angle tan—' R, with the vertical axis. This is
correct irrespective of the actual shape of the output wave. The trans-
former characteristic has no direct relation to the grid voltages which
it crosses in the chart, and is, in general, not to be used for computing
distortion.

TRANSFORMER LOAD

CHARACTER'SIIC ’
se a8
TUBE DYNAMIC : § 0%
CHARACTERlS'UC A ’ég,
SN e
2 — ]2
1
V]

Ao PLATE VOLTS

Fig. 12—Plotting of the tube dynamic characteristic.

(2) A dynamic characteristic for each tube can be plotted in the fol-
lowing way: One assumes a definite grid voltage increment Aeg, On
both sides of the operating point A. Then one finds two points M and
M’ on two static characteristics, e,+Ae, and e.— Aey, symmetrical with
respect to the operating grid bias, which must satisfy the two following
requirements: (a) They must correspond to equal alternating output
voltage increments, AE, to the right and to the left of the operating
point, A. (b) They must correspond to equal current increments AL,
For the positive half cycle AT is the vertical distance from the chosen
point, M, to the transformer load characteristic, AC. On the negative
half eycle AI is the vertical distance between the point M’ and the
alternating-current zero axis or horizontal line passing through the
operating point. Then M and M’ belong to the dynamic characteristic
of a single tube. The complete curve constructed by this method is used
for plotting the corresponding transconductance characteristic from
which the distortion is calculated in the manner described in previous
sections.

Using the method outlined one finds that the main portion of the
dynamic characteristic of a tube is generally a straight line dropped
below the transformer load characteristic by the amount of the no-
signal current, /,. This portion corresponds to R,= o , and, hence, to
Ry =R;. In the vicinity of the operating point such a dynamic charac-
teristic becomes a curved line tangent to the straight portion and to
the zero direct-current axis. This curved portion is of né importance in
calculations when the no-signal current is low, but the higher is the
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no-signal current, the more pronounced is the influence of the exact
plotting of the dynamic curve on the accuracy of the final results. For
this reason in the following sections, where higher no-signal currents
are considered, the method just described is actually applied to the
plotting of all dynamic characteristics. Examples of dynamic and
transconductance characteristics plotted by the outlined method are
given in Figs. 9 and 13 for the UV-848 tube. In Fig. 9, for the sake of
clearness of the drawing, the curved portions of the dynamic lines of
the second tubes are not shown. ’

\ |
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Fig. 13

One may note that with certain sets of operating conditions the
tailed-off portion of a dynamic characteristic does not quite reach the
direct-current zero line of the tube chart on the negative half cycle.
T'his oceurs with low-u tubes at higher values of no-signal current, par-
ticularly if the dynamic load line is not so steep. However, this does
not affect the described graphical procedure, except for the fact that
the straight portion of the dynamic characteristic no longer coincides
with the line passing through the point A4,; it liesabove it by anamount,
I~I., the difference hetween the no-gignal current, and the current
amplitude in the negative half cycle. An example of such a curve is to
be seen in the same Figs. 9 and 13, shown in broken lines.
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SHIFT oF OPERATING POINT WITH A
CONSTANT PLATE VOLTAGE

In order to find what comparative results in the reduction of dis-
tortion can be achieved with tubes having different values of u as the
no-signal current is changed, a calculation of operating data was car-
ried out for the same four types of water-cooled tubes. The operating
voltage throughout this investigation was taken as 10,000 volts and
the load resistance across the secondary of the output transformer with
a unity turns-ratio is equal to 1680 ohms, corresponding to the six-
kilowatt plate loss line.

For each tube several operating points were chosen in the plate-
current-voltage chart on the vertical line £, =10,000 volts for no-sig-
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Fig. 14—Distortion as a function of modulation.

UV-863 tube

£,=10.000 volts

R =1680 ohms

u =50

nal current values ranging from 100 to 800 milliamperes. The exact
location of each operating point was governed by convenience in plot-
ting dynamic characteristics using the method desecribed in the pre-
ceding section. Hence, preference was given to the points of intersee-
tion of the static characteristics, ¢, =constant, with the 10,000-volt
B, line. The explored dynamic characteristics for the UV-848 tube,
corresponding to five selected opurating points with I, equal to 100,
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250, 375, 525, and 810 milliampcres, are shown in Fig. 8. From these
curves the transconductance characteristics given in Fig. 13 are plotted
in the usual manner, and the calculation of distortion is carried out by
the graphical method which has been outlined. Power output, plate
loss, and efficiency are also computed for each operating line. The
same procedure is followed for all four tubes.

The results of these ealeulations are graphically correlated in Figs.
14 to 17. All curves are plotted against the minimum plate voltage
reached during modulation, given by the relation iy = k,— E, where
E, is the operating plate voltage and £, is the amplitude of the alter-
nating plate voltage corresponding to various depths of modulation.
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Fig. 15— Distortion as a function of modulation.
UV-207 tube
E,=10,000 volts
R =1680 ohms
u=20 )
Each figure contains four families of curves belonging to one particular
tube. Individual curves in each family pertain to the chosen specific
values of no-signal current; these values are indicated as parameters.
The upper group of curves in each figure records the variation of
distortion along an explored dynamic characteristic as the depth of
modulation is varied. Those in the middle give the output power, P,,
and the plate dissipation, P4 The final graphs show the related values
of efficiency, n per cent.
A thorough inspection of these curves and the comparison of analo-
gous groups brings out the following conclusions:

PP i
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(1) Distortion does not remain constant along any load line as the
signal strength or depth of modulation changes. There is a general
tendency toward decreased distortion as the signal strength is reduced.
Yet, with high-u tubes, such as the UV-863, and with medium values
of no-signal current, the distortion can go up for lower modulations.
This can be accounted for on the basis of the more complicated shape
of the lower portion of the composite transconductance characteristics
for such tubes. Incidentally, on high modulation this same cause is
also responsible for the accentuated higher harmonics with the UV-863
tube. Tubes of this type may have distortion curves of a particularly

irregular shape containing secondary maxima, minima, and inflection
points.
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Fig. 16—Distortion as a function of modulation.

UV-848 tube

£, =10,000 volts

Rz =1680 ohms

w=2_8
(2) In general the distortion with all tubes decreases as the no-sig-

nal current is increased within the explored region. However, this rule
does not hold strictly for all degrees of modulation. Under certain con-
ditions governed by the exact shape of the transconductance charac-
teristic there are local maxima or minima in the distortion as the no-
signal operating point is shifted. This is conveniently illustrated in
Fig. 18 in which the percentage of distortion, § per cent, is plotted
against the no-signal current, I,, for all four tubes and for three differ-
ent depths of modulation. The point with ten-kilowatt output for
each tube is taken to correspond to 100 per cent modulation; on this
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basis curves for 100, 50, and 33 per cent modulation are plotted.
These curves indicate that the absolute minima of distortion in the
various cases explored are generally located between no-signal currents
of 500 milliamperes and one ampere, and even higher. Such operating,
conditions would depart essentially from those of an ideal clags B am-
plifier and would border on class A operation with its inherently and
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Fig. 17—Distortion as a function of modulation.
WL-419A tube &
E,=10,000 volts
R =1680 ohms
u=3.6

unpleasantly high no-signal plate loss. However, taking into account
the over-all results along any modulation path, one can establish an
optimum value of I, which is not inconsistent with class B operation,
and which, if further increased, will produce only inappreciable im-
provement in operation. Thus, for example, from a detailed study of
the curves of Fig. 18 one can arrive at a compromise between distor-
tion and no-signal current as indicated in Table ITI.

TABLE I1I
DISTORTION WITH COMPROMISE BIAR

| | ] Distortion at: |
Type Type u I, —

s —133 9% Modulation
; 100% | 50%

yv-883 | 50 | 0.3 amp 7.5% 4.0% 3.8%

Uv-207 ‘ 20 0.4 3.0 1.6 1.5

UV-848 8 ‘ 0.4 4.0 4.2 3.2

WL-419A | 3.8 '| 0.45 9.0 8.0 3.0
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(3) Referring again to the curves of Figs. 14 to 17 one can state
that with all tubes, the power output, I’,, for the same minimum plate
voltage increases slightly as the no-signal current is increased, due to
the generally lower values of distortion at higher values of I,.

(4) The plate loss is greater with higher no-signal currents. Thss
increase ts much less pronounced on high modulation. With decreasing
signal amplitude the plate dissipation approaches the value of no-sig-
nal plate loss, which is, of course, proportional to I,. As a rule, the
maximum dissipation for all load lines corresponds to the condition of
fifty per cent efficiency. For higher values of no-signal current the ab-
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Fig. 18—Variation of distortion with no-signal current, 7.
E,=10,000 volts
R; =1680 ohms

solute value of plate dissipation may exceed the six-kilowatt limit
originally used for the plotting of the approximate dynamiec load lines.

(5) For the same power output, the efficiency decreases but slightly
as the operating point is shifted upwards. It is nearly the same for all
tubes.

Trae ROLE OF THE AMPLIFICATION FACTOR, u, IN
Crass B Aupio OPERATION -

From the foregoing analysis one can arrive at rather definite con-
clusions as to the effect of the amplification factor on distortion in class
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B audio operation. However, a still better picture can be obtained by
plotting the distortion against the amplification factor, as shown in
Iig. 19. The three groups of curves refer, as before, to 100,!50, and 33
per cent modulation for a maximum power output of ten kilowatts.
The value of no-signal current is used as a parameter. AU curves con-
sistently show a definite mintmum in the region between p equal to fifteen
and u equal to twenty. They also show that as the amplification factor
drops below ten the distortion for similar operating conditions rises
very rapidly.

1009¢ MODULATION, Py 210 KW

DISTORTION- § %

AOMPLIFIC%QTION FASCOTOR » },Al
Fig. 19— Effect of amplification factor u on distortion.
E,=10,000 volts Ry =1580 ohms
It is interesting to point out that with the UV-863 tube having the
highest g, fifty, distortion can be substantially reduced by allowing a
very high no-signal current of 790 milliamperes. With such a condi-
tion one is confronted with a permanent dissipation of eight kilowatts
per tube. Yet, this represents an interesting case because the specified
current corresponds to zero bias operation. With this condition, the de-
fects introduced in class B operation by fluctuation of bias would cease
to exist.
PLAaTE DIssiPATION LIMITATIONS

A discussion of class B audio performance of water-cooled tubes in
the light of permissible plate dissipation is quite essential for a com-



1246 Mouromiseff and Kozanowski: Water-Cooled Tubes

plete picture of this type of service. In Figs. 20 to 23 are shown the
plate dissipations P}, in kilowatts, which if exceeded, produce “hiss-
ing” and “boiling” of the cooling water at the anodes of each of the
four tubes which have been the subjects of this investigation. These
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values are plotted against grid voltage because this factor governs the
width of the electronic beams arriving at the anode, and thus indicates
the relative area of that portion of the total active anode surface in
which heat is generated by the impinging electron beams. The begin-
ning of both hissing and boiling was determined for each tube over the
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indicated grid voltage ranges by means of a “stethoscope” made of a
long piece of micarta tubing. One can either listen directly at the outer
end of the stethoscope or attach to it a microphone and loud speaker
system. Thus, at any chosen grid.bias, the plate voltage is gradually
increased until hissing and boiling become noticeable. The hissing, hav-
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ing a high audible pitch, indicates the beginning of the formation of
minute steam bubbles, while the “boiling” gives a lower-pitched rattling
noise accompanied by a slight shaking of the water jacket. The entire
process of hissing and boiling has been observed visually by the use
of a glass water jacket. The curves are plotted for three and four gal-
lons per minute water flow.
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As one might expect, low-u tubes stand less dissipation in the con-
dition of no-signal current. Thus, for grid voltages corresponding to
the bias used with 10,000 volts on the plate, boiling starts

with UV-863 at P,, 6.5 kw

uv-207 4.5
UV-848 3.3
WIL-419A 1.8

These values should be, and are, approximately inversely proportional
to the square root of u.

In the same charts of permissible plate dissipation operating curves
are plotted showing the actual plate loss in operation along the six-
kilowatt modulation path. This was calculated for various depths of
modulation and is referred to the average grid voltage during the active
half cycle of tube operation.

Evidently, for conservative operation, the curves of actual plate
loss must not go over the curves of permissible plate dissipation, which,
one might admit, is represented by the “hissing” rather than the “boil-
ing” curves. Hissing and boiling bear no direct relation to the tempera-
ture of the outgoing water, being decidedly localized phenomena. From
the data it is also clear that the lower the u the more water is required
for effictent cooling of the anode. One may feel that from this considera-
tion alone tubes such as the WL-419A, having too low an amplification
factor are practically excluded from use in class B audio service.

GRID EXCITATION REQUIREMENTS

In order to compare the grid excitation requirements of the four
tubes under investigation, the grid input power, P,, has been calculated
for each tube for two typical cases: a no-signal current of 0.100 ampere,
and a no-signal current in the vicinity of 0.500 ampere. In all cases
the plate voltage was assumed to be 10,000 volts, the power output,
ten-kilowatt, and the load resistance 1680 ohms. The instantaneous
values of grid currents for each tube, used in this calculation were ob-
tained from complete grid-current charts plotted from oscillographic
data. The results are assembled in Table IV.

TABLE 1V
No-Signal : : i i ;
Tube Type p. Cur;gllt Grid Bias Dgfl(;gecé?d Grid Input

0 e I, g
UV-863 50 0.100 amp — 150 volts 123 - 92 watts
Uv-207 20 0.100 — 475 v 47 e 55 "
UV-848 8 0.100 —1200 58 105
WL-418A 3.6 0.100 —3500 40 170
UVv-863 50 0.462 - 50 9 71
uv-207 20 0.500 — 350 3% 31
UV-848 8 0.525 —1000 35 54
WL-419A 3.6 0.435 —3100 19 70
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The last column shows that with the output power chosen, and for
both operating conditions, there is a distinet minimum in the required
excitation power, located in the vicinity of u equal to twenty. As the
grid input power requirements play an important role in the design
of the excitation stage, such a minimum is of considerable interest.

It may be pointed out that with power outputs of less than ten
kilowatts, the necessary grid excitation drops more rapidly for low-u .
tubes than for high-u tubes. Thus, the excitation minimum for lower
power outputs will shift in the direction of lower values of p.

GENERAL CONCLUSIONS

The foregoing analysis deals with only a few typical cases of class
B audio operation, identical for all four types of twenty-kilowatt
tubes. Nevertheless, it is believed that, for other operating conditions,-
definite judgment in many particulars can be given concerning the
comparative merits of the tubes which have been studied, using the
results of this investigation as.a point of perspective. ‘

Thus, one can state that: . ,

" (1) For operation with the least distortion and with reasonably
high power outputs under a wide variety of operating conditions, tubes
having a medium value of amplification factor, g, between fifteen and
twenty-five, represent the best choice.

(2) High-u tubes come next, because of their high plate dissipation
ability, together with the ease and economy of bias supply. Thus they
can be used at higher plate vbltages, as well as at lower voltages in
conditions approaching class A operation. Biasless operation of high-u
tubes is also quite feasible. However, one must be careful in employing
these tubes for high -outputs as the distortion rapidly rises to pro-
hibitive magnitude.

(3) Low-u tubes are the least suitable for the analyzed mode of
operation. They may be utilized at lower plate voltages because under
these conditions the plate loss limitation will not hamper the choice of
no-signal current to such a degree as at higher voltages, and because
the required grid bias is not impractically high. Power tubes with ex-
tremely low values of u, say below six, can hardly be reco mmended for
class B service in any circumstance unless one is concernéd with no
grid current operation. '

One must keep in mind that this entire analysis has been carried
out on the basis of tube charts mapped for an individual tube of each
type. Therefore, for information regarding the average  distortion
values to be expected with any normal tube of a given type in class B |
servicé, one must explore charts of average tube characteristics.
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By considering several operating plate voltages and assuming
several load resistance values, one can prepare charts covering all
feasible operating conditions for each type of tube. Such charts, giving
a true and complete picture of class B tube performance, will allow the
designer of new equipment to select the tube and operating conditions
most fitted to his particular needs.

ADDENDUM

Suppose that a tube is to be used as a class B audio amplifier.
The operating point is given and the maximum positive voltage
reached by the grid in operation is specified. The problem is: What is
the slope of the load line for a maximum output?

As an example, let us refer to Fig. 1 belonging to the UV-863 tube.
Let A be the operating point and AH one of the possible dynamic
characteristics. With the grid swinging up to +700 volts (point H),
power output, P,, is proportional to the area of the triangle HAB; in
fact, in the absence of distortion,

P, = 1/4(0A — OB) X HB = 1/4(E, — Emin)Imas. (1)

For the point H, sliding along the line e, = const = +700 volts, one
can write

Imax = f(Emin) . (2)
Then,
Po = k(Ep - Emin) 'f(Emin) . (3)
A maximum for P, will be found in the usual way from
dP,/dE nin = 0.

Performing the indicated differentiation, one has
By = Enin) f'(Bmin) — f(Bmim) = 0.
Hence the condition for maximum output is
S (Bunin) = f(Bmin)/(Ep — Bamin) = Imax/(Bp — Emin). (4)

This can be written as
tan a = tan g (5)

where « is the angle of the tangent to the curve for e, =const, at the
point I, and g is the angle between the load line and the X-axis. Thus
(4) and (5) can be formulated in the following way: For a given oper-
ating point and a given crest grid voltage, the maximum output from
a tube is obtained with a position of the load line ona plate-current
/plate-voltage chart such that the angle formed by the load line and the
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tangent to the curve along which the upper end of the load line slides,
is bisected by the horizontal line passing through the vertex of the
angle.

Designating the load resistance by R and the plate impedance at
the point H by R ,, one may write for the condition of maximum output

R, =R, (6)
because, according to the definition and construction,
R, = 1/tan @ and R. = 1/tanf.

The above derivation is not necessarily confined to the case of the
curve e, = const; it is valid for any curve plotted in the chart, such as,
for example, the diode line ¢, =E,, as long as the end of the load line
moves along the chosen curve and the power output can be congsidered
as proportional to the area of the triangle HAB.

or o ottt 8) > (B < @ — < Lo
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AN ELECTROMECHANICAL REPRESENTATION OF A PIEZO-
ELECTRIC CRYSTAL USED AS A TRANSDUCER”

By
W. P. Mason

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

Summary—An electromechanical representation of a piezoelectric crystal
which can represent the crystal when it is used to drive an external mechanical system
18 given in this paper. The elements of the system are evaluated in terms of the elec-
trical, piezoelectric, and mechanical constants of the crystal. When the crystal is used
as a purely eleclrical element, the representation reduces io the usual form. The
equivalent network 1is applied in evaluating the effect of supersonic radiation on the
decrement of a quartz crystal and in the design of a mechanical system driven by a
prezoelectric crystal.

INTRODUCTION

7 [ YVHE equivalent electrical representation of a piezoelectric erystal
when used as an element in an electrical circuit has been dis-
cussed by several investigators,! who have arrived at the circuit

shown by Fig. 1. Apparently, however, no simple circuit has been

evolved when it is desirable to utilize the electromechanical coupling
properties of the crystal to couple to an external system. Sinece such
crystals are used” in loud speakers, microphones, and other apparatus,

Lp Cg Rg
— 00 ——ww
C—F-{j Ca
I
R

Fig. 1—Electrical representation of a piezoelectric crystal.

it is a matter of importance to obtain such a representation. This paper
discusses such an equivalent circuit and relates the elements to the
mechanical, electrical, and piezoelectric constants of the material.
When used as a purely electrical element, this representation reduces
to that of Fig. 1. Several examples of the use of this equivalent circuit
are discussed.

* Decimal classification: 537.65. Original manuscript received by the Insti-
tute, April 18, 1934; revised manuseript received by the Institute, April 5, 1935;
revised manuscript received by the Institute July 30, 1935.

' W. G. Cady, Phys. Rev.,vol. 29, p. 1, (1922); Proc. I.R.E,, vol. 10, pp. 83-
115; April, (1922); K. S. Van Dyke, Phys. Rev., Abstract, vol. 52, June, (1925);
Proc. .R.E., vol. 16, pp. 742-764; June, 1928); D. W. Dye, Proc. Phys. Soc.,
zvlc)gl):)g;%, (5), pp. 399-453; P. Vigoreaux, Phil. Mag., pp. 1140-1153; December,

* A. M. Nicolson, Proc. A.1.LE.E., vol. 38, pp. 1315-1333, (1919); E. B.
Sawyer, Proc. .R.E., vol. 19, pp. 2020-2030; November, (1931); 5. Ballantine,
Proc. LR.E., vol. 21, pp. 1399-1409; October, (1933).
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AN ELECTROMECHANICAL REPRESENTATION OF A PIEZOELECTRIC
CRYSTAL

Piezoelectric crystals are useful because they have the property of
being deformed when voltage gradients are applied to them in particu-
lar directions. They may vibrate in many modes of motion but the two
most used for driving external mechanical systems are longitudinal vi-
brations perpendicular to the applied electrical field and parallel to the
applied field. Accordingly, the elements of the equivalent network are
derived for these cases only. The network can, however, represent any
type of motion driving a load, just as the network of Fig. 1 can repre-.
sent the crystal for any type of motion. Methods for evaluating the

- constants of the network experimentally are discussed in the last

section.

<;Q3 5

Le

Co Cm -Cm Cg
Q= T | |

L
|

Fig. 2—Electromechanical representation of a symmetrical piezoelectric erystal.

2

Let us consider first the case of a crystal vibrating perpendicularly
to the direction of the applied field. Two sukdivisions of this case are
usually of interest, the first when the crystal is supported at its center
and drives two symmetrical loads, and the second when the crystal is
supported on one end and drives a load on the other end. The sym-
metrical case is considered first. ’

By employing the well-known analogies between electrical and
mechanical systems, it is possible to obtain a simple network, ex-
pressed in terms of electrical symbols, which portrays all of the prop-
erties of a piezoelectric crystal. In this representation, force is the
analogue of voltage, mechanical displacement of electrical charge, and
velocity of electrical current. When the electrodes are intimately asso-
ciated with the crystal faces, the equivalent network of the crystal is
shown by Fig. 2. To show this and to evaluate the elements comprising
the network, let us consider several limiting cases. The voltage B is
the voltage applied across the plates of the crystal, and the force F
is the force applicd to cach end of the symmetrical crystal. The charge
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Q: is the electrical charge flowing through the wires connected to the
crystal, and @, and @; are the mechanical displacements of the ends of
the crystal. On account of the symmetry @, equals Q;. Suppose now
that a voltage E is applied to a clamped crystal. Then since Qo= @Q;=0,
the charge collected on the condenser Cy is equal to

Q=0CE (1)

since the remainder of the circuit carrying charge consists of a positive
and a negative Cy which cancel each other. Hence C, is the electro-
static capacitance of the crystal when it is clamped. If K is the di-
electric constant of the crystal clamped then C, in c.g.s. electrostatic
units is

Kl

Cy = 2
’ 47, @

where [, is the dimension of the crystal in centimeters perpendicular
to the surfaces of the electrodes, I,. the length of the crystal in the
direction of vibration, and I, the length of the third axis.

Since the same charge @, flows through the shunt condenser ¢ M,
the force F' required to keep the crystal from moving is obviously

F = Q./Cyor Cy = Q/F (unit is charge per dyne). (3)

The mutual capacitance-compliance ('3, might be defined as the ratio
of the charge applied to the crystal to the force required to keep it from
moving. Since, however, no piezoelectric constant is measured in this
way, another derivation of C'y is given later, involving the usual piezo-
electric constant d, which is measured by observing the amount of
expansion of the crystal for an applied potential gradient.

Now let us apply a static force, symmetrically, on each end of the
crystal, and leave the electrical plates open-circuited. Then the crystal
acts as though the plates were not there (i.e., the plates could be re-
moved without affecting the displacement) and hence the displacement,
of the crystal can be calculated from the elastic constant of the crystal.
For a given force F applied to the crystal, the total displacement is

Fsl.
Q: + Qs = o (4)
Lol

where s is the modulus of compliance of the crystal (the inverse of
Young’s modulus) along the axis of vibration. Rut Slm/ldo is the me-
chanical compliance of the crystal, in c.g.s. units, which has been desig-
nated by Cpg, or
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¥ Stm N X
(g = (displacement per dyne). (5
ety

In a similar way we find that
Car = (Q2 + Q3)/E (displacement per unit c.g.s. clectrostatic
potential) (6)

that is, Cy is the ratio of the displacement to the open-circuit electrical
potential, Henee, the network of Fig. 2 displays the static electrical and
mechanical properties of the erystal.

Suppose now that an alternating foree is applied to the crystal.
Then since the erystal has inertia it will exert a mass reaction to an
applied foree, which is represented by the mechanical inductance Lg.
At low frequencies this induetance in mechanieal impedance units will
be half the mass of the erystal. Towever, near the resonance of the
crystal this equivalent inductance will e less due to the fact that the
cerystal does not move as a whole, but has a velocity which is propor-
tional to {he sine of the distance of a given point from the center of the
ervstal, Henee the total kinetic energy is less and the equivalent value
of L smaller.® Mechanieal resonanee in the network will oecur when
Ly is in resonance with half the complianee (g since identical forces
" are acling on the two ends of the symmetrical erystal. Sinee the me-
chanieal frequency of the resonance of such a rod is

1
Jo=—"7""7= (7)
2L\ ps
where p is the density of the crystal, it follows that,
2l¢lm]0p ) A .
Lg = —— (dynes per unit acceleration). (8)
.

The resistances R shown include the dissipation due to internal
friction, supersonic radiation from the ends of the crystal, friction at
the point of support, and all other sources of dissipation.

Hence all of the elements of the network are determined in terms
of the mechanical and electrical constants, except the mutual capaci-
tance-compliance Cai. In order to evaluate C i use is made of the
piezoelectric equation

e =dV 9)

s Strictly speaking, the value of Cp is also a function of frequency, but at
the first resonance it can be shown that it differs from its static value by the fac-
tor 8/[x?—k*(x2—8)]. For a highly coupled crystal this factor does not differ
much from unity, and hence in the interest of simplicity the variation of Cg
is neglected.
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where e is the strain (per unit length) produced in the crystal by the
applied potential gradient ¥ and d (the constant of proportionality) is
the piezoelectric coefficient. Solving for the charge and the displace-
ment at zero frequency for the network of Fig. 2, we find by employing
Kirchoff’s laws

ECo + Fk\/ COCE ) Ek\/’CoCE + FCE

y Q,_, + = 10
Q — (Q: + @9) = (10)
where £, the coefficient of coupling, is defined by
CoCE
k? = . 11
e (11)

In order to evaluate k, the coefficient of coupling between the electrical
and mechanical systems, in terms of d, let F (the force) vanish since d

is the strain per unit length per unit potential gradient for a free crys-
tal. Then,

EkNCoC
@+ Q) =" (12)

Comparing this with (9), noting that (Q.+Qs) =elm, and V=E/l,
we have on the insertion of the values for (' and Cg from (2) and (5)

A‘
g 3 (13)
1 — k2 '
Solving for k we find
;= —1—, ,/”’IYE [— 144 ‘1-:1‘6”72]. (14)
2dV  d4x 1 Ks

If 16xd?/Ks is a small quantity, as it is in quartz, for example, this re-
duces approximately to

k=dy/ —- _ (15)

However, for any crystal with a large coupling (such as Rochelle salt
which may have a coupling of 75 per cent) (15) is not very accurate.

When the crystal is used as an element in an electrical network, and
allowed to vibrate freely, the force ¥ of Fig. 2 can be set equal to zero,
and the network short circuited. Solving for the impedance on the
electrical side we find
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- = k) [1 — p/f 4 d/a(L — w] )

Zg = e .
, 1 — f*/f* + j/q

27fCy
where fo2 =f42; f1i2=F4% (1—k?), (f4 being the natural mechanical reso- }
nance frequency of the crystal) and ¢ is the ratio of the reactance of the
condenser Cg to the resistance R/2 or

g = 2/RuCp. o (17)

It is easily shown that the impedance Z¢ is also the impedance of
the network of Fig. 1 (with C, set equal to infinity since the plates are
in intimate contact with the crystal) if '

CA=CO; CB=Cok2/(1—k2), LB=1/47r2fA2kZCo; RB=1/ngk2q. (18)

Hence, the representation in Fig. 2 reduces to the well-known Fig. 1,
when the crystal is free to vibrate. It will be noted from (18) that at a
low frequency, a capacitance Cp is added to the purely electrostatic
capacitance (4, the added capacitance being due to the storing up of
mechanical energy by means of the piezoelectric effect. In case the elec-
trodes are not in intimate contact with the crystal faces an added
capacitance C, is placed in series with the condenser C,. This capaci-
tance is due to the air gap and may be calculated by the formula

Lalo
47ty + to)

where t; and ¢, are the thicknesses of the air gaps separating the elec-
trodes and the crystal. This network then reduces identically to Fig. 1.

A network representing the second case, when one end is supported
and the other end used to drive a load, is shown on'Fig. 3. The method
of deriving the constants is the same as before and the only difference
comes in the determination of the mechanical inductance Lg which is
different due to the difference in the resonance frequency. For a bar -
clamped on one end and driven by a force F, the resonant frequency is
given by :

(19)

P

1

fa = Y

- (20)

Since the mechanical inductance Ly resonates with the compliance Cg

we find
4plalls

Jp = —

2 (21)

which is twice the inductance found before and corresponds to the fact
that twice the mass is moved from the clamping position.
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the fact that shear motion is coupled to flexural motion, there will be
some displacement normal to the surfaces of the crystal and hence
some radiation. For example, the decrement of the “doughnut” crystal
such as used in the Eell System frequency standard is in the order of
3X107° when mounted freely in air, the principal vibration being a
shear coupled to a flexure.

The equivalent circuits of Figs. 2 and 3 may also be used as the
basis of design for mechanical systems, such as loud speakers, which
are driven by crystal elements, and taken together with network
theory can be used to obtain the proper dimensions of a erystal to per-
form a definite function. Since the electrical impedance of the element
will not ordinarily be equal to the mechanical impedance of the me-
chanical system that the crystal is driving, a modification of the cir-
cuits of Figs. 2 and 3 employing perfect transformers is very useful. As
shown by E. L. Norton,” a perfect transformer shunted by an imped-
ance Z, is equivalent to a T network having the values shown on Fig.
4. To apply this identity to Fig. 3, let the impedance transformation
ratio ¢* equal Co/Ce. Then since Cy =+/CyCg/k it follows that
Zy= —(k/wCo) - Tomakeuptheimpedance Z 4 it is necessary tobreak the
capacitance Co into two capacitances in series, Co/(1—k) and Co/k
and for Zp to break the compliance Cg into the compliances Cg/(1—k)

z z
170 92 A 8

—A .

Zp= (1-0) z5

Zs = Zc Zg= 0(0-Dzg
Zc= 025

Fig. +—Equivalent network for an ideal transformer shunted by an impedance.

and Cg/k in series. Then Co/k and —C make up the impedance Z,
while Cg/k and —C y make up the impedance Z 5, with the result that
the network of Fig. 3 can be transformed into that of F 1g. 5. All ele-
ments on one side of the transformer are electrical, while those on the
other side are mechanical. Hence the transformer transforms from
electrical impedance to mechanical impedance. The shunt capacitance
Co/k can be placed on the other side of the transformer if desired in
which case it will have a value Cg/k. A similar transformation can be
applied to the network of Fig. 2.

As an example of the use of such a representation, a recent paper?
by Ballantine describes a high-frequency loud speaker system driven

7 U.8. Patent 1,681,554, August 21, 1928; also T. E. Shea, “Transmission
Networks and Wave Filters,” page 326, B. Van Nostrand Co.
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by a Rochelle salt diaphragm. It is found that a coil in series with
the crystal increases the band width of the response. The reason for
this will be obviousif the circuit of Fig. 5 is used to represent the crystal.

Lo Le_

- - L .
——i:‘k 1710 ¢2 s £ & == 2 @
T—" Mw ¢: T
€ -C-kQ 3 =
1 Lo

Fig. 5—Electromechanical representation of a piezoelectric
crystal, employing an ideal transformer.

The other elements of the circuit, introduced by the loud speaker sys-
tem, are a shunt compliance C¢, representing the compliance of the
throat chamber, and a terminating resistance Ry due to the radiation
resistance of the horn, whose values in mechanical impedance units are

Cc =7 X 10—7 t/Sd; RH = 418‘12/31 (30)

where ¢ is the clearance between the diaphragm and the base of the
horn, S4 the effective area of the diaphragm, and S, the area of the horn
throat. Fig. 6 shows the complete network for the crystal and loud
speaker. The network has the form of a well-known band-pass filter

m

l

Eas

Sy .
7

c
170 92 ‘

c 2.%
fe i e

Fig. 6—Electromechanical representation of a loud speaker.

Co
Lo -

and the added electrical inductance Lo completes the termination on
the electrical side. Without this inductance the network represents a
dissymmetrical band-pass filter having a much narrower pass band.
Since the problem of a crystal driving a loud speaker is typical of a
number of problems occurring when crystals drive mechanical systems,
it has been suggested by the board of editors that this example be
worked out in detail.

The elements of the network representing the erystal diaphragm are
not easily derived from the fundamental constants due to the complex-
ity of the mode of motion employed and due to the fact that the load is
applied in a distributed manner over the complete surface of the crys-
tal. The elements can, however, be measured experimentally by elec- °
trical or mechanical measurements. If the diaphragm is placed in the
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open air (or better still in a vacuum to eliminate the effects of radia-
tion) and its electrical impedance measured over a range of frequencies,
the electrical capacitance Cy and the coefficient of coupling % can be
evaluated. Since the crystal is free to move, the network representing
its impedance is that shown on Fig. 1 with (), equal to infinity since the
electrical plates are attached to the surface of the crystal. At low
frequencies, the capacitance measured is C4+Cp which from (18) is

Ca+Cp=Co/(1 — k). (31)

Next the resonant and antiresonant frequencies f, and f; can be meas-
ured by measuring the frequencies of maximum and minimum cur-

rent. As shown by (16)
[ =1 =k or k =A/1— fi2/fy2. (32)

Furthermore the frequency of mechanical resonance of the plated
crystal fa4 is equal to the antiresonant frequency of the crystal fa, sO

that
= 1/47%42Cy. (33)

Hence, all of the elements are determined except the mechanical com-
pliance of the crystal Cg, which determines the ratio of transforma-
tion.

"To measure Cj either a mechanical measurement or a mechanical
modification of the system is required. A simple means of measuring
Cr is to close off the diaphragm chamber, which is equivalent to termi-
nating the network of Fig. 5 in the known compliance C¢ of (30). The
mechanical. System will then have a higher frequency of resonance
f4’ which can be measured electrically by measuring the antiresonant
frequency f,’. The compliance Cx can be caleulated from the formula

A [ o

Hence all of the elements of the network can be determined experi-
mentally for a given diaphragm thickness. Both Cand Cx are inversely
proportional to the diaphragm thickness.

When the electrical inductance L, is placed in series with the
crystal, the network of Fig. 6 has the form of a well-known?® band- -pass
filter. In terms of Ry, which is a mid-shunt impedance, the mechanical

- elements have the following values: -

& See T. E. Shea, “Transmission Networks and Wave Filters,” page 283.
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(35)

Ig

where f,, and f., are the lower and upper cutoff frequencies of the
filter. Their ratio is determined when the coupling factor k is known, for
upon taking the ratio of Cg/(1—k) to Cg/k, we find

fo | /TEE

P (36)
f"‘l ‘ 1 — &
Next taking the produet of ,Lg and Cr/(1—k), we find
fep = fa'1 — k so that f, = a1+ 3k 37)

and henee the upper and lower cutoff frequencies of the band which
will be radiated by the loud speaker are determined by the mechanical
resonance of the erystal f4 and the coupling coeflicient k. The dimen-
sions of the erystal should be so adjusted that

(g = U\;/‘hr fA Ruv'1 + 3k (38)
and the thickness of the air chamber so that
(wc = 1/271‘f,| 1\)1{\ 1 + 3k (39)

which determine all of the mechanieal constants of the system.

Turning now to the electrical portion of the circuit of Fig. 6, it
would be desirable to terminate the filter at its mid-series impedanece.
This, however, cannot be done because when the transformation ratio
Cg/C is fixed, Cq has the right value for a full series termination. A
fairly good result is obtained when the value of the inductance Lo
resonates the capacitance Co at f4, i.e.,

Lo = 1/47% fa? Co (40)

and the electrical impedance that the loud speaker works out of is
taken as the mid-series impedance of the filter which is equal to

TH3k—+/1 -k
Ry = ————— .
‘*ﬂ'fACo

This corresponds to a filter with a full series termination working out
of its mid-series impedance. A better result will be obtained by com-
pleting the electrical termination of the filter with a shunt antiresonant
circuit in which the coil and condenser have the values

_Rilfa—f) o _ 1

3 S o
27rf01f52 211'(]‘02 - fcl)RI

(41)

(42)
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DISCUSSION ON ‘“CONTROL OF RADIATING
PROPERTIES OF ANTENNAS”*

C. A. Nickrg, R. B. DoumEg, and W. W. Brown

G. H. Brown:! The authors have shown an interesting method of shifting
the current distribution along an antenna. They have enumerated the ad-
vantages of such a system and show that it is very desirable to shift the current
distribution so that a nodal point occurs at the base of the antenna.

1 helieve that the authors must have used very small ground systems, not
over one twentieth of one wavelength in radius. When adequate ground systems
are used, the reduction in earth loss due to use of the tuned capacity area is less
important. It is, however, still possible to get large gains in field strength at the
horizon due to redistribution of the energy in the vertical plane.

Let us first consider Fig. 4 of the paper under discussion. Curve (1) shows
the field strength vs. antenna height for a vertical wire antenna when the power
input is held constant. This curve shows that the field intensity increases very
rapidly with antenna height. We see that an antenna one-half wave tall gives a
signal about fifty-seven per cent greater than does an antenna one-quarter wave
tall. This is surprising in view of the fact that theoretical considerations set this
figure at twenty-one per cent when there are no power expenditures other than
radiation. I have made calculations which show that for average earth in the
broadcast band the ground system consisting of sixty or more radials must be
under twenty feet in radius to yield a difference of fifty-seven per cent in the field
intensities. P. P. Eckersley, T. L. Eckersley, and H. L. Kirke? made similar
measurements on quarter- and half-wave antennas, using a ground system con-
sisting of forty radial wires each 250 feet long, buried six inches deep in dry
soil over a chalk base. They report an increase of twenty-six per cent in changing
from the quarter- to the half-wave antenna. Their measurements of resistance
show that the efficiency of the quarter-wave antenna was 82.3 per cent while the
efliciency of the half-wave antenna was 88.2 per cent.

One of the examples discussed by the authors is an eighth-wave long an-
tenna. They predict a large increase in field intensity when sufficient loading is
placed at the top of the antenna to cause a current node to occur at the base of
the antenna. It is interesting to consider the magnitude of the earth currents in
the neighborhood of the antenna. Let us call the simple eighth-wave wire an-
tenna 4, and the antenna of the same height but with sufficient loading at the
top to cause a current node at the bottom will be designated as antenna B. Let
I, be the total earth current flowing radially inward toward the base of the
antenna across a circle of radius, z, whose center coincides with the base of the

“antenna. The following table shows the values of this earth current as a function
of the distance, z, when the radiated power in each case is considered to be 1000
watts.

z (wavelengths) I, (amps) I, (amps)
Antenna A ’ Antenna B
0.0 12.0 0.0
0.025 10.45 2.15
0.05 9.15 3.62
0.1 7.5 5.0
0.2 6.05 5.6
0.3 5.42 5.5
0. 5.1 5.1

* Proc. I.R.E., vol. 22, no. 12, pp. 1362-1373; December, (1934).
© 1 RCA Vietor éompany Inc., Camden, New Jersey.
. *P.P.Eckersley, T. L. E!:ckersley, and H. L. Kirke, “The design of transmitting aerials for broad-
casting stations,” Jour. LE.E. (London), vol. 67, p. 507, (1929).
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Thua we see that at distances greater than one-tenth wavelength from the
base of the antenna the earth current is essentially the same for both antennas.
We may thus conclude that if a goodly number of radial wires are extended to
at least one tenth of a wavelength from the base of the antenna there would be
little or no advantage in causing a node of current to occur at the base of the
antenna.

The authors also show by means of curve (3) Fig. 4, that it is possible to
adjust the top loading on a quarter-wave antenna so that the field strength is in-
creased by forty-five per cent. Their theoretical considerations show that placing
the current node at the bottom of the antenna causes a six per cent increase due
to decreased radiation resistance. They then conclude that the forty-five per
cent increase obtained experimentally is made up of this six per cent gain plus a
remaining thirty-nine per cent due to decreased ground connection loss. In de-
scribing their experimental results, the authors expresaly state that the sphere
and inductance combination was “carefully tuned for maximum field strength.”
It does not follow that this point coincides with the condition where the current
node occurs at the base of the antenna. In fact, if one considers the case where
the current node occurs at a point 0.111 wavelength from the ground, it is found
that the field strength is increased thirty-eight per cent due to the changed
radiation characteristic. We might then conclude that the ground losses account
for the remaining seven per cent increase. lt is worth mentioning that the high
angle radiation is reduced a great deal more in this condition than it is for either
condition shown in Fig. 2.

The curves of Fig. 5 again show the influence of a very small ground system.
Curve (1) of this figure is not at all in agreement with the results obtained on
actual tower installations where an adequate ground system is used.

When large ground systems are used, one is forced to conclude that the re-
duction in earth loss through the use of the tuned top becomes small. However,
the tuned arrangement is still important because of its effects on the distribution
of radiation. A more detailed account of this effect has been published elsewhere.?

It is important to note that the radiation resistance of the antennas less
than one-third wavelength long is reduced to very small values when the top
loading is adjusted to give the maximum suppression of’sky wave. Then only a
few ohms of resistance in coupling and loading coils will seriously reduce the
efficiency of the antenna.

C. A. Nickle, R. B. Dome, and W. W. Brown:* The ground system used in
the tests consisted of eight radial wires, each 0.08 inch in diameter and 135 feet
long, spaced forty-five degrees apart around the base of the antenna. These were
lsid upon the ground with each end soldered to a copper pipe driven into the
earth. It is agreed that the number of wires could have been increased to reduce
further the ground resistance. '

3 H. E. Gihring and G. H. Brown, “A brief survey of the characteristics of broadeast antennas,”

Broadcast News, p. 8, December, (1834).
« Genera! Electrio Company, Schenectady, New York.
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BOOKLETS, CATALOGS, AND PAMPHLETS RECEIVED

Copies of the publications listed on this page may be obtained without
charge by addressing the publishers.

National Union Laboratories of 365 Ogden St., Newark, N. J., are issuing a
series of technical pamphlets on vacuum tubes. The first nine of the series are
as follows: 6A8G, Self-Excited Electron-Coupled Converter; 6C5G, Medium-
Mu Voltage Amplifier; 6D5G, Power Amplifier; 6F5G, High-Mu Voltage
Amplifier; 6F6G, Power Amplifier; 616G, Twin Diode; 6J7G, Sharp Cut-Off
Detector and Amplifier; 6K7G, Remote Cut-Off Radio and Intermediate-Fre-
quency Amplifier; and 5Y3, Full Wave Rectifier.

"~ Rheostats and resistance units are described in Catalog 14 issued by the
Ohmite Manufacturing Company, 636 N. Albany Ave., Chicago, Ill.

Technical data and suggested uses of its laminated phenolic material under
the name of Dilecto are given in a booklet issued by the Continental- Diamond
Fibre Company, Newark, Del.

Model 73A, Crystal Lapel Microphone, is described in a leaflet issued by
Shure Brothers Company of 215 W. Huron St., Chicago, I1l. Model 70S, Com-
munjcations Type Crystal Microphone, is descrlbed in another leaflet.

Trimmer condensers are described in Bulletin No. 38 issued by DeJur-
Amsco Corporation of 95 Morton St., New York City.

RCA Manufacturing Company of Harrison, N. J. has issued Application
Note No. 50 on the operation of the 6L7 as a mixer tube. Technical booklets have
been issued on the 803 Radio-Frequency Power Amplifier Pentode and the 838
Class B Modulator, Radio-Frequency Power Amplifier, Oscillator. A single
bulletin on “New All-Metal Radic Tubes” gives data on the 5Z4, Full Wave
High Vacuum Rectifier; 6A8, Pentagrid Converter; 6C5, Detector Amplifier
Triode; 6F5, High-Mu Triode; 6¥6, Power Amplifier Pentode; 6G6, Twin Diode;
6J7, Triple-Grid Detector Amplifier; 6K7, Tr1p1e—Gr1d Super-Control Amplifier;
and 617, Pentagrid Mixer Amplifier.
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Burnside, D. G.: Born January 1, 1891, at Point Pleasant West Virginia.
Engineering department, Atwater Kent Company, 1926-31, research and de-
velopment laboratory, RCA Radiotron Company, Inc., 1931 to date. Associate
member, Institute of Radio Engineers, 1912.

Herold, E. W.: Born October 15, 1907, at New York City. Recelved B.Se.
degree, University of Virginia, 1930. Western Electric Company, 1924-1925;
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Kramar, Ernest A. Ludwig: Technical High School, Prague, 1919-1925;
Technical High School, Dresden, laboratories of Professor Barkhausen, 1925-
1927; received Dr. Ing. degree, 1927. Radio laboratories, C. Lorenz Aktiengesell-
schaft, Berlin-Tempelhof, 1927 to date. Member W. G. L. Nonmember, Insti-
tute of Radio Engineers.

Lester, G. H.: Born January 6, 1904, at Auburn, New York. Graduated
Bliss Electrical School, 1926. Westinghouse Electric and Manufacturing Com-
pany, 1926-1930; National Bureau of Standards, 1930 to date. Nonmember,
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Mason, W. P.: Born September 28, 1900, at Colorado Springs, Colorado.
Received B.S. degree, University of Kansas, 1921; M.A. degree, Columbia
University, 1924; Ph.D. degree, 1928. Engineering department, Western Elec-
tric Company, 1921-1925; Bell Telephone Laboratories, Inc., 1925 to date.
Member, Sigma Xi; American Physical Society; Fellow, Acoustical Society of
America. Nonmember, Institute of Radio Engineers. '

Morgan, Howard K.: Born February 22, 1906, at New York City. Received
B.S. degree, University of California, 1929. Radio test course, General Electric
Company, 1929-1930; special receiver engineering, RCA Victor Company,
1930-1931; test apparatus development engineering, International Resistor
Company, 1931; receiver development and production engineering, Pilot Manu-
facturing Company, 1931; receiver development and aircraft experimental radio

engineering, Transcontinental and Western Air, Inc., 1932 to date. Associate

member, Institute of Radio Engineers, 1927.
Mouromtseff, Ilia Emmanuel: See Proceepings for July, 1935.
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Norton, K. A.: Born February 27, 1907, at Rockwell City, Iowa. Received
B. S. degree, University of Chicago, 1928. Insp-ction development laboratory,
Western Electric Company, 1829. Columbia University, 1930-1931. Rodio Sec-
tion, National Bureau of Standards, July, 1929, to September, 1930, and June,
1931, to December, 1934. Federal Communications Commission, December,
1934 to date. Associate member, Institute of Radio Engineers, 1929.

- Salzberg Bernard: See ProceEpINGS for January, 1935.

Travis, Charles: Received B. S. and Ph. D. degrees, University of Pennsyl-
vania. Engaged in nonradio activity until 1926. Engineer, Atwater Kent Manu-
facturing Company, 1926-1931; engineer, RCA License Division Laboratory,
1931-1935; Philco Radio and Television Corporation, 1935. Associate member,
Institute of Radio Engineers, 1929.
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SWIFT, SKILLED,
COURTEOUS
SERVICE

SHE is one of 100,000 opera-
tors in the Bell System — local
operators, special operators for
the dial system, toll operators,
information operators and many
others — all specialists in giv-
ing you efficient telephone
service.

The alert, friendly voice of
the operator is familiar to all
who use the telephone. Through
the years it has come 1o mean
more than a voice. It is the
symbol of politeness and
efficiency. ,

The operators in the "Bell
System are carefully trained.
But there is something more to
it than training — a spirit of
loyalty and of pride in render-
ing an important service. This.
spirit is ever-present — it has
brought especially high com-
mendation in time of emer-
gency. Truly the tele-
phone operators
have been called
“Weavers of Speech.”

FIshhsy,
RAVIIEY
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Year a fter Year...

AEROVOX

. . . 1S specz'fz'ed.’

ADIO manufacturers, large, and small

alike, have long standardized on
AEROVOX condensers and resistors.
Performance alone has been responsible
for their patronage, year after year. We
take just pride in the growing roster of
old-time customers. And more than ever
before, we entrust our main sales effort
to those AEROVOX components func-
tioning in millions of radio assemblies.
There are no better salesmen.

= CONDENSERS -

The AEROVOX line of condensers offers
the greatest variety of types, mountings,
ratings, combinations. Qur engineers con-
stantly study the ever-changing require-
ments of the radio and allied arts. New
types are added as rapidly as demand war-
rants. And all the while we are producing
special units for out-of-the-ordinary needs.
AEROVOX engineering makes for high-
est quality. AEROVOX mass production
makes for lowest prices.

= RESISTORS *

And then there is the complementary
AEROVOX resistor line. All types, watt-
ages, resistance values, fixed and adjust-
able. Here again the same thorough en-
gineering for a superior product, while
mass production brings prices down to new

low levels.

DATA Shend for latest catalog on
the

complete condenser
and resistor line. Meanwhile, be sure to
enlist our engineering collaboration on
knotty condenser and resistor problems.

"CORPORATION
71 Washington St., Brooklyn, N. Y.

When writing to advertisers mention of the PrROCEEDINGS will be mutually helpful.
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The Fnstitute of Radio Engineers

Incorporated
330 West 42nd Street, New York, N.Y.
APPLICATION FOR ASSOCIATE MEMBERSHIP

(Application forms for other grades of membership are obtainable from the
Institute)

To the Board of Directors
Gentlemen:

I hereby make application for Associate membership in the Institute of Radio
Engineers on the basis of my training and professional experience given herewith,
and refer to the members named below who are personally familiar with my work.

I certify that the statements made in the record of my training and profes-
sional experience are correct, and agree if elected, that I will be governed by the
constitution of the Institute as long as I continue a member. Furthermore I agree
to promote the objects of the Institute so far as shall be in my power, and if my
membership shall be discontinued will return my membership badge.

(Sign with pen)

(Address for mail)

(Date) (City dnd State)

Sponsors:
(Signature of references not required here)

Mr. Mr. e

Address . Address _.

City and State .. City and State .
Mr. -
Address

City and State

The following extracts from the Constitution govern applications for admission to the
Institute in the Associate grade:

ARTICLE II——-MEMBERSHIP
Sec. 1: The membership of the Institute shall consist of: ¥ * * (c) Associates, who _shall be
entitled to all the rights and anileges of the Institute except the right to hold any elective
office specified in Article V, * * * . .
Sec. 4: An Associate shall be not less than twenty-one years of age and shall be a person who
is interested in and connected with the study or application of radio science or the radio arts.

ARTICLE TII—ADMISSION AND EXPULSIONS

Sec, 2: * * * Applicants shall give references to members of the Institute as follows: * * * for
the grade of Associate, to three Fellows, Membhers, or Associates; * * * Each application for
admission * * # ghall embody a full record of the general technical education of the appli-
cant and of his professional career,

ARTICLE IV—ENTRANCE FEE AND DUES

Sec. a1: ;6’0(; Entrance fee for the Associate grade of membership is $3.00 and annual dues
re, $6.00,

j\

ENTRANCE FEE SHOULD ACCOMPANY APPLICATION

X1
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[

(Typewriting preferred in filling in this form) No. ..........
RECORD OF TRAINING AND PROFESSIONA
EXPERIENCE :
Namme .o e
(Give full name, last name first)
Present Occupation ... .ot
(Title and name of concern)

Business AdAress .......ooooiiin
Permanent Home Address .......... ... .. ... . .. .
Placeof Birth ........................... Date of Birth ........ .. Age ... ..
Education ................. B L
Degree ..

(college) (Date received)

TRAINING AND PROFESSIONAL EXPERIENCE

DATES

Record ‘may be continued on other sheets of this size if space is insufficient.
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The FIRST UNEXPOSED, FULLY
SEALED and INSULATED RESISTORS

Heralding a new. era in resistance design, Type “B” IN-
SULATED Metallized Resistors are IRC’s answer to the need
for units of compact design for modern radio receivers. Retain-
ing all the essential characteristics for which IRC Metallized

Resistors have long been famous, they have the added advan-

A—Famous Metallized resist- C—Positive integral contact
ance principle. obtained by bonding wire

lead to resistance element.
B—Heavy casing of insulating

material moulded around D—Moisture - Proof. Fully
Metallized Resistance Ele- Sealed throughout.
ment seals unit against
moisture and  prevents E—Tinned flexible end leads
shorts. for quick, easy soldering.
ﬂ INTERNATIONAL RESISTANCE CO.
\ PHILADELPHIA, PA.
Toronto London Copenhagen Milan  Paris

When writing to advertisers mention of the ProCEEDINGS will be mutually helpful.

XII1X

tages of high voltage insulation around a completely sealed

resistance element. Small—light—accurate—durable and mois-
ture-proof, they represent the first major resistance develop-

ment in many years. Samples in sizes up to 1-watt gladly sent.

Berlin

e g =




Par;oarla of50K
ISOLANTITE PLAYS AN IMPORTANT ROLE IN
THE MODERN BROADCAST TRANSMITTER

The 50KW Transmitter recently built by Western Electric for
Station WOR employs ISOLANTITE liberally. In this up-to-date

station are strain insulators, concentric transmission line spacers
and end seals, stand-offs, switches, shafts, inductance supports,

power and rectifier tube
supports, condenser cases,

pedestals and many

other

parts of ISOLANTITE.

To improve your equipment, specify

ISOLANTITE insulation.

Isolantite

Inc., 233 Broadway, New York, N.Y.

Factory at Belleville, N.J.

Represented by
GRAYBAR ELECTRIC

co.

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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TUNING METERS FIND WIDER SPREAD
APPLICATION IN 1936 RADIO SET LINES

More and more the radio set manufacturer is discovering the
radio public is demanding tuning meters. The performance and
quality of a radio set is so much better when it can be tuned
accurately. This is radio’s spy-glass and just as easy for the public
to understand and use. READRITE tuning meters are now
standard equipment on many of the leading sets.

READRITE manufactures tuning meters in all types to fit any
set—in shadow light or pointer style—Three most popular types
are shown in illustrations, but construction principle lends itself
to economical manufacture in style and size according to set
manufacturers specifications.

Information will be gladly given to any set manufacturer or
engineer, or one of our representatives will call to give more
details. Write

READRITE METER WORKS, Bluffton, Ohio

READRITE PRODUCTS

Besides radio set and tube testers pliers, selector switches, (single
READRITE manufactures a line and double pole 12 and 13 posi-
of electrical measuring meters tions), Bakelite bar knobs; etc.
and various accessories, such as Complete catalogue gladly fur-
precision resistors and multi- nished.

i A NP i

ND METE RS

”
When writing to adverlisers mention of the Vrocugpines will be mubually helpful.
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Change in Mailing Address
or Business Title

Members of the Institute are asked to use this form to notify the
Institute office of a change in their mailing address or the listing of
their company affiliation or title.

The Secretary .

THE INSTITUTE OF RADIO ENGINEERS
330 West 42nd Street

New York City

O1d Mailing Address

Name

(Print or type)

Street

City and State

New Mailing Address

Street

{Print or type)

City and State

New Affiliation or Title

Title

(Print or type)

Company Name

Company Address

Signature

Date
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TIME
INSURANCLE
WITTRI
EVERY
CONDENSER

® Money cannot buy back time that
is lost. And time is opportunity. There-
fore, why not insure your sponsors’
time on the air? Today, one thinks in
terms of time insurance—insurance
against costly breakdowns and delays
resulting from interrupted operations.

A Message to the Program Directors and
Chief Engineers of Broadcast Stations.

@® The condensers in the transmitter
are vital factors. They must bedepend-
able! Cornell-Dubilier condensers are
dependable—the result of 25 years of
intensive study and research.

To further agsure our many customers
of the utmost in condenser value, we
pledge our continued unremitting ef-
forts to maintain the high degree of
excellence which is part of all

CORNELL-DUBILIER
MICA - OIL *r PAPER and
ELECTROLYTIC CONDENSERS

Special Engineering Catalog #127 now
available

CORNELL-DUBILIER

CORPORATION

4379 BRONX BOULEVARD ¢ NEW YORK

When writing to advertisers mention of the Proceepings will be mutually helpful.
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PROFESSIONAL ENGINEERING DIRECTORY .

QUARTZ CRYSTALS

for Standard or Special

Radio Frequency Applications

Write for Catalog

BLILEY ELECTRIC CO.
230 Union Stat'ion Bldg.
ERIE, PENNA.

PRACTICAL RADIO
ENGINEERING

One year Residence Course

Advanced Home Study Course

Combined ‘Hon:e Study-Residence
Course

Write for details
Capitol Radio Engineering

Institute
Washington, D.C.

Cathode Ray Tubes
and Associated
Equipment For All
‘Purposes

Write for Complete
Technical Data

MICROPHONE
APPLICATIONS

Our engineering department will co-
operate, without ogligation, in the
selection of suitable microphones for
standard or special applications.

SHURE BROTHERS COMPANY

ALLEN B. DUMONT Harstectorers AMicseplhone Hradguattots /i ses
LABORATORIES 2(5 WEST HURON. ST. CHICAGO, ILLINOIS

UPPER MONTCLAIR, N.J.
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SUPPRESSOR
LIFE TEST
EQUIPMENT

sy A AT
SCREENED
EXPERIMENTAL ROOM

PR

Modern automatic machinery in practically every
manufacturing and checking process makes possible
volume production of Erie Resistors and Erie Sup-
pressors without sacrificing rigid control. A well
equipped testing laboratory under the direction of
competent engineers protects the quality of these
units from raw materials to finished product.

White for the booklet "CHECK EVERYTHING”
It tells why you can depend on Erie products.

ERIE RESISTOR CORPORATION

<4 ERIE, PA. >

—

[ Faetories in ERIE,PA.-TORONTO, CANADA -LONDON,ENG. |

When writing to advertisers mention of the PRoCEepINGs will be mutually helpful.
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. as smooth as the gliding
journey of a brightly polished
iron and just as the tailor pro-
tects your suit with a cloth
while pressing—CENTRALAB

S g protects the resistor with a
strip of pohshed metal that takes the rubbmg action and
wear. _

Noiseless, effortless turning of control
knobs lessens sales resistance . . . ergo:

specity CENTRALAB.

CENTRALAB Division of Globe-Union Mfg. Co,
Milwaukee, Wisconsin

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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INSTITUTE SUPPLIES
EMBLEMS

- Three styles of emblemns are availablesto members of; the Insti.
tute only. They are all of 14k gold with” gold lettering on an
: enameled: background, the-color, of " which indicates the grade
p“ memb(;:r‘ship. The approximate ‘size of each emblem 1s-as
illustrated. =

The lapel button is supplied with a screw back' having
jaws which- fasten it securely to the coat. The price is
$2.75, postpaid, for any grade.

The p{n--'which is provided with a safety catch may be
obtained for.any grade for-$3.00; postpaid. ‘

The watch charm ig: handsomely finished “on both sides
and' is' equipped with ‘a suspenfion ring for attaching to a

watch chain or fob- Price for any grade, $5.00, postpaid.

BINDERS

Binders are available for those who desire to pro-
tect their copies of the PROCEEDINGs with stiff cov-
ers. Each binder'will accommodate the twelve month-
- i ly issues published during the year.. These: bind-
= ' ers are of blue Spanish. Grain Fabricoid with -gold
lﬂ’*o“@' : l-etterm_%
: and wxi

el Sl B s erve
S} 1 = e L 1P either as

fr=, B e t e mporary
transfers
or as per-
manent
binders.
They / are
S0 con-
structed
that - .each
indivi‘dug.l
; e : copy of the
PROCEEDINGS will lie flat' when the pages are‘turned. Copies,can be- remofey(i from
the biider in -a few secondd and sre not-damaged’ by, theif#nsertion. They are
priced_at 9§1,50 eachy"and the member’s namgs or: PROCEEDINGS Volume’ ' Number
will ‘be stamped upon the binder in gold. for $0.50 additional,

¥

BACK ISSUES OF THE PROCEEDINGS’

_‘Complgte volumes of ffiack issues of the PROCEEDINGs aré ‘dvailable in ‘unbound
form for the years 1918,:4921, 1922, 1923, and 1926 at $6.Z5 per-year (six issues).
Also complete unbound«for 1931, 1932, 1933, and 1934 at $7.5Q per -year. A list
of the available mlseel;laneous_copxe‘s@ub]isltled from, 1913 on“may be obtained
from: the Secretary, Single copies published prior to 1927 are sold to members. at

4$1:13 each, and thoSe'issued during and-after 1927 are $0.75 eachi-Foreign postage:
on single copies is $0.10 pericopy, ‘making $0:60' on unbound volumes. before 1927.

Issties for 1922 may be obtained bound in‘blue buckram at $8:75 per volumé,
Similar bound volumes for 1930, 1931, 1932, 1933, a11d %934 are priced at $3.50
each to members.. Foreign postage is $1.00 adcf"tion’aﬂper‘ olume, Volumes for 1922

< and ‘1926 bound in Morocco leather are available at $10.25 each to miembers, vol

ume for 1931 is $11.00. :

" 'TWENTY-TWO-YEAR INDEX

An Index of the ProcyEEDinGs for the Vears 1909.1930, inclusive, is available
at ‘$1.00 per. copy. It .is extensively cross indéxed, ‘The earlier references are to
the ProCEEDINGS of the Wireless Institutéy the PROCEEDINGs of the Imstitute of
Radio Engineers has been published since 1913, - ; po e £

When'ordering' any of the above, send temj&auce with order to the‘Secre{tnty,
Institute of Radio Bngineers, 330 West 42nd' Street, New York City.




Type. 604-B Teast Signal Generator.

The Only Ultra-High Frequency
Signal Generator

J N the constantly increasing important field of ultra-high frequeﬁcy.

communication, the General Radio Type 604-B Signal ‘Generator

furnishes the only reliable test signal source. For the design of broad- -
cast, police and felevision receivers operating in ‘this uriportant band
the Type 604-B Signal Generator s an indispensableaid to the engineer..

The, followm,g important specifications indicate the thoroughness. with

which General Radio has_tackled the difficult task of designing’ and

manufacturing a- thoroughly acceptable high- frequency signal gen- _ .

erator.

Carrier Frequency: 3 Mc to 300 Mec.

Output Voltage: Continuously adjustable from 5 t0.10,000 microvolts by
means of capacitance-type attenuator—very low frequency error. In
addition a 3-section rod-antenna provides ﬁeld strengths adjustable in
the ratio of 1,10, and 100.

Modulation: 400-cycle internal, variable to-30%. Provision for external -
modulation up to 200 kc.

Shieldifig: Thoroughly done to eliminaterall errors due to stray ﬁelds

Accessories: Tubes, 13 inductors, shielded connecting cable and section-
alized antenna are furnished. ?

Price: $315.00 (In- U.S. and Canada)

For complete description of this and other General Radio laboratory apparatus
and accessories

1

write for a copy of Cafialog H-R-2.

General Radie Comany ,

30 State Street -Cambridge A, Massaéﬁusétts,

GEORGE PANTA PUBLISHING 'COMPANY,  MENASHA, WISCONSIN. -
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